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ABSTRACT 
Influence of Grazing, Fire, and Rainfall Regime on Plant Species 
Dynamics in an Ethiopian Perennial Grassland 
by 
Michael J. Jacobs, Doctor of Philosophy 
Utah State University, 1999 
Major Professor : Dr. D. Layne Coppock 
Department: Rangeland Resources 
The dominant habitat-type of Omo National Park (ONP) , Ethiopia, is grassland. 
111 
This grassland supports a variety of wild herbivores and indigenous people; the latter hunt 
large herbivores for subsistence or graze their domestic livestock in the Park. Therefore , 
an understanding of grassland dynamics is a high priority for ONP management. Grazing 
and fire are major factors influencing species composition and vegetation change in East 
African grasslands . Rainfall regime , in tum, can influence both grassland response to 
grazing and fire . The ONP grasslands occur along a rainfall gradient ranging from 
subhumid to semiarid. Research objectives were to: (1) test the Milchunas, Sala, and 
Lauenroth grazing response model at three sites along the rainfall gradient; (2) determine 
how basal cover for dominant perennial grasses along the rainfall gradient was influenced 
by an extended period of intensive defoliation; and (3) determine if current distribution 
of grassland species associations was related to fire frequency. 
IV 
Species composition changes associated with defoliation were consistent with 
predictions of the Milchunas, Sala, and Lauenroth model; large changes occurred in 
subhumid grasslands while minimal changes occurred in semiarid sites . Furthermore, an 
intermediate response was found at the site that received an intermediate level of rainfall. 
Basal cover of dominant grasses was not adversely affected by intensive defoliation, and 
this tolerance was expressed under all three moisture regimes. Significant reductions in 
basal cover were found, however, in >50% of dominant grasses as a result of protection 
from grazing and fire . Estimated fire frequency pattern was unrelated to the distribution 
of species associations within grasslands. 
Conceptual models of vegetation change were developed for the three grasslands 
using research results. At the current level of management these models provide 
information that can be used to improve relations between Park staff and local 
pastoralists . Given the tolerance of most perennial grasses to intensive defoliation , ONP 
managers could modify the current policy of no grazing within the Park to one of limited 
grazing . If management capabilities were to improve, conceptual models could guide an 
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CHAPTER 1 
OVERVIEW OF THE LOWER OMO BASIN 
Abstract 
The lower Omo Basin (OB) of Ethiopia is located in the southwestern portion of 
the country and receives its name from the Omo River. The OB spans three distinct 
climatic zones that are reflected in vegetation categories represented: subhumid , semiarid , 
and arid . A portion of the basin has been protected and designated as Omo National Park 
(ONP). In addition to tourism , other forms of commerce in the OB include professional 
hunting , large-scale agriculture, and a church mission. Plans to further develop OB 
include buildin g of hydro-electric power producing dams along the Omo River and 
converting additional Omo River flood plain s into large-scale irrigation schemes . Due to 
potential development of the region, ecological research was initiated in ONP to provide 
a better understanding of interactions among vegetation, wildlife , and humans. Grassland 
dynamics were selected as a more specific research focus for several reasons . Grassland 
was the dominant wildlife habitat-type in ONP and supported a variety of wild ungulates. 
Furthermore , indigenous groups of people relied heavily on the grassland resources. 
Finally, ONP grasslands were ecologically unique because they shared similar soil type, 
elevation, and topography but were located within a strong rainfall gradient. 
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Introduction 
The OB of Ethiopia is located in the southwestern portion of the country and 
receives its name from the Omo River that originates in the highlands of Ethiopia and 
flows into Lake Turkana of Kenya. The OB forms a westerly branch of the Great Rift 
Valley of East Africa (Fig. 1.1) and comprises an area of approximately 8,500 km 2• The 
Great Rift is the border between the African and Somali tectonic plates and is 
characterized by intensified geological activity along most of its extent (Russell-Smith 
1984). Geological activities include earthquakes, volcanoes, and a thinning of the earth's 
crust. The OB has been extensively shaped by these activities (Davidson 1983). The OB 
is widely known for a variety of fossils found among abundant volcanic layers, including 
hominid fossils that date back four million years. The OB is also known for a large 
diversity of plant and animal life. A 4,000 km 2 portion of OB was officially protected by 
the Ethiopian government when ONP was established in 1967. This area remains as 
remote today as 30 years ago, but increasing human population pressures guarantee that 
change is imminent. 
Cathy Schloeder and I initiated research at ONP in 1993 to evaluate the 
interactions of vegetation, wildlife, and human inhabitants and provide management 
recommendations to government conservation authorities. This broader project provided 
the framework for the specific research presented in this dissertation. To provide context 
for the dissertation research, a detailed overview of the OB is provided here. 
Climate 
The lower Omo Basin spans three distinct climatic zones . The highlands to the 
north are categorized as humid while the lowlands to the south are characterized as arid. 
The ONP lies between these climatic boundaries and ranges from subhumid to semiarid. 
Interestingly, areas to the north and south of ONP appear to exhibit more unimodal 
annual rainfall distributions compared to ONP headquarters where a clear bimodal 
rainfall distribution occurs (Fig. 1.2). Areas south of ONP exhibit a unimodal 
distribution due to the high failure probability of the October short -rains . The distance 
between areas of humid and arid climate is approximately 200 km. Although altitude 
positively influences the amount of annual rainfall , the position of the Inter -Tropical 
Convergence Zone dominates the seasonal rainfall distribution pattern (Fig. 1.3; 
Gamachu 1977). From April through June and from September through October , 
moisture-laden southeasterly winds from the Indian Ocean collide with dry winds from 
the northwest, producing heavy rains . The northern areas of ONP receive the highest 
proportion of this rain , thereby creating a rainfall gradient from north to south . The 
rainfall gradient may be ultimately responsible for the richness of plant and animal 
diversity found in ONP (Schloeder 1999). 
Growing seasons comprise 75-90 days in the north and< 60 days in the south 
(Ethiopian Wildlife Conservation Organization [EWCO], ONP unpublished data). 
Temperatures range from a mean daily maximum of 38°C and a mean daily minimum of 
24°C during the dry season. The corresponding figures from the rainy season are 35°C 
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and 22°C. Humidity averages 65% during rainy seasons and 35% during dry seasons . 
Geology and Soils 
The OB is separated from the Ethiopian Great Rift Valley by a series of geologic 
faults. Sediments that filled the OB are mostly of flu vial and lacustrine origin, actively 
deposited during the Pliocene and Pleistocene Epochs (Butzer 1971; Wesselman 1984; 
Fetsum et al. 1986). During the Tertiary Age, basaltic flows extended into the area from 
central Ethiopia. Evidence of these flows still occurs in some areas of the OB and 
appears as north-south traversing ridges. Basalt layers are relatively thin and in some 
areas have been weathered to expose underlying Precambrian rock. Soils of the OB are 
mostly derived from young rocks of volcanic origin (Russell-Smith 1984). Since these 
soils have not had time to undergo extensive weathering and leaching, they are generally 
of high nutrient status. More than three-quarters of the soils of OB have a moderate to 
excellent base saturation status (>70%; Russell-Smith 1984). 
Vertisols and Vertie Cambisols are most common on flat to undulating plains 
(375 - 550 masl 1) . Soil textural classes are either clay or clay loams (Fetsum et al. 1986). 
Clay soils are grey to black, deep, and not uniformly drained. Clay loam soils are brown , 
deep, and moderately well drained. Stony cambisols and lithosols are found on strongly 
dissected hills and rolling plateaus (600 - 1900 mas!; Sutcliffe 1992). These soils are 
generally reddish brown, very deep , and well drained. Depending on the site, textures 
range from sandy clay loams to course sandy clay loams. 
1masl = meters above sea level 
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The only precious metal or mineral of significant abundance in the OB is placer 
gold . Gold is currently being worked on a small scale south of the Akobo River. Base 
metals and mineral ores are present but given the remoteness of the area, mineral 
extraction would only be economically viable if major transportation routes were 
developed (Davidson 1983). 
Inhabitants 
Twelve indigenous groups occupy the OB but I will concentrate on the Mursi , 
Karro , Burne, Surma, and Kwegu because these occupy areas in and or near ONP (Fig. 
1.4 ). Three categories of natural resource use and management systems for subsistence 
are recognized for people of the OB. These include pastoral systems , agro-pastoral 
systems , and agro-hunter -gatherer systems (Sutcliffe 1992). The second and third 
systems are used by the relevant groups above and are described below . 
Agricultural-Pastoral Systems 
5 
Agro-pastoralism is defined as subsistence systems where at least 50% of human 
nutritional requirements are derived from crops (Sutcliffe 1992). The Mursi, who number 
approximately 5,000, and Karro, with a population of about 500, use this system (Turton 
1987). They plant crops along the Omo River. In September, they clear vegetation from 
areas they wish to cultivate . These areas receive moisture from the rising Omo River. 
Sorghum, maize, beans, and cowpea (Vigna spp.) are the staple crops planted. After 
planting, herders take the livestock to areas free of tse-tse flies (Glossina spp.), east of the 
6 
Omo River, and live on blood and milk. Harvest of plant crops takes place in the dry 
months of December and January . This is also when the livestock are brought back to the 
river and the herders join their families. More areas are cleared during February in bush 
thickets on wide alluvial plains. These areas are less fertile than the river banks, but they 
grow sorghum and cowpea with the help of the long rains that start in March. In June the 
herders move East again with their livestock. 
The Burne, who number approximately 25,000, are agro-pastoralists, but they use 
sites along both the Kibish and Omo Rivers for cultivation. Additionally , the Burne graze 
their livestock in the southern portion of ONP and seasonally use the Illilibai Hot Spring 
for watering. 
Agricultural-Hunter-Gatherer Systems 
These systems are characterized by a complete lack of domestic 1i vestock, thus 
hunting and fishing are important for survival. There are no groups that solely practice 
hunting and gathering in the OB. Groups that hunt and fish also plant crops. The method 
of planting and type of crops these groups use are the same as those used by the Burne, 
Mursi, and Karro. The main agro-hunter-gatherers are the Surma, who number 
approximately 28,000 , and Kwegu, who comprise about 500 people. These groups have 
attained a high degree of skill and expertise with respect to hunting and fishing. African 
Buffalo (Syncerus caffer), Burchell's Zebra (Equus burchelli), Grant's Gazelle (Gazella 
granti) , Tiang (Damaliscus lunatus), and Lelwel Hartebeest (Alcelaphus buselaphus 
lelwel) are hunted for meat. Leopard (Panthera pardus), Giraffe (Giraffa 
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camelopardalis), and Colobus Monkey (Colobus guereza) are hunted for their skin, 
Ostrich (Struthio camelus) for their feathers, and Elephants (Loxodonta africana) for their 
ivory . 
Many riverine forest plants are collected for food. Cucumber, various roots , 
berries, and other fruits and fresh greens are gathered at different times of the year to 
supplement the diets of Surma and Kwegu . Construction and maintenance of beehives in 
order to collect honey during the dry seasons is also a common practice. 
Social Relations 
The Burne are enemies of the Surma , Mursi, Kwegu, and Karro. Fighting 
between the Burne and other groups is common and all groups are armed with automatic 
weapons, which sometimes renders conflicts very costly in terms of human lives. Cattle 
raids to acquire new or previously stolen cattle is the most common reason for conflicts 
among the groups. Additionally, territorial battles are prevalent. The Surma , Mursi, and 
Kwegu share a common language and intermarry. The Karro and Mursi are enemies but 
rarely fight with one another, presumably due to a mutual respect for current territorial 
boundaries. It is interesting to note that ONP was created in the area that historically 
represented the buffer zone between the Burne and other groups. The importance of ONP 
for dry season grazing has increased in recent years due to decreased access to northern 
Kenya rangelands by Burne livestock. This has increased the rate of interaction between 
Burne and other groups because they are physically closer to one another. Increased 
interaction has increased conflicts . 
Natural Resources 
Fauna 
A variety of nonmigratory large mammals occur in ONP (Blower 1967; Urban 
and Brown 1968; Stephenson and Mizuno 1978). Ungulates include Lelwel Hartebeest, 
Tiang, Burchell's Zebra, Warthog (Phacochoerus aethiopicus), Giraffe, Common Eland 
(Tragelaphus oryx), Lesser Kudu (Tragelaphus imberbis), Greater Kudu (Tragelaphus 
strepciceros), Beisa Oryx (Oryx gazella), Buffalo, Grant's Gazelle, Reedbuck (Redunca 
fulvorufula chanleri), Waterbuck (Kobus ellipsiprymnus), Grey Duiker (Sylvicapra 
grimmia), Guenther's Dikdik (Madoqua guentheri), and Oribi (Ourebia ourebi). 
Pachyderms include Elephant and Hippopotamus (Hippopotamus amphibius). 
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Larger carnivores include Lion (Felis Leo), Spotted Hyena (Crocuta crocuta), 
Striped Hyena (Hyaena hyaena), Cheetah (Acinonyxjubatus), Leopard, Golden Cat (Felis 
aurata), and African Hunting Dog (Lycaon pictus). Overall, 69 mammal species 
including 6 primates have been recorded in ONP along with 365 species of birds (Blower 
1967; Urban and Brown 1968; Hillman 1993; Schloeder and Jacobs 1996). 
Populations of larger mammals have been severely reduced outside ONP with the 
exception of those animals located in the Murie hunting area on the east side of the river. 
Mammal populations within ONP owe their persistence less to the minimal protection 
offered by the park than to the facts that the area is a no-man's land between warring 
groups (Jacobs and Schloeder, unpublished data) and has abundant tse-tse fly (Glossina 
spp.) populations which transmit sleeping sickness to cattle and humans (Sutcliffe 1992). 
Flora 
The vegetation of the OB can be categorized according to the average annual 
rainfall. Subhurnid areas receive between 700 and 1,000 mm y( 1, semiarid areas receive 
between 400 and 700 mm yr-1 , while arid areas receive < 400 mm y( 1 (Russell-Smith 
1984). The ONP is composed of approximately 20% subhumid, 60% semiarid, and 20% 
arid lands. 
Vegetation in subhumid areas is dominated by broad-leaf tree cover subtended by 
perennial grasses (Russell-Smith 1984; Schloeder and Jacobs 1993, 1994). The most 
common species include Terminalia brownii, T. schwenfurthi , Combretum molle, C. 
aculeatum, Acacia abyssinica, A. hockii, Cordia abyssinica, Ficus sycamorus, Heeria 
reticulata, Vernonia abyssinica, and Croton macrostachyus. Grasses found in subhumid 
areas include Andropo gon spp ., Cymbopogon commutatus , Eragrostis superba, 
Heteropogon contortus , Hyparrh enia hirta , and Themeda triandra . 
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Semiarid areas are dominated by Aca cia species in shrub and tree layers (Russell-
Smith 1984; Schloeder and Jacobs 1993, 1994 ). These include Acacia seyal, A. mellifera , 
A. brevispica , A. nubica , A. reficiens , A. tortilis , A. horrida , and A. paollii. Broad-leaf 
trees and semi-evergreen shrubs include Terminalia spinosa, Boscia angustifolia, 
Commiphora africana , Balanites aegyptiaca, Capparis tomentosa, Cadaba farinosa , 
Euphorbia tirucalli, E. candelabra , Dichrostachys cinerea, and Harrisonia abyssinica. 
Various grasses include lschaemum afrum, Pennisetum mezianum, Setaria incrassata, 
Chrysopogon plumulosus, Sorghum arundinaceum, Sporobolus helvolus , Bothriochloa 
radicans , Panicum coloratum , and Cymbopogon commutatus. 
10 
Vegetation in arid areas is dominated by shrub species (Russell-Smith 1984; 
Schloeder and Jacobs 1993, 1994). Common are Acacia seyal, A. mellifera, A. nilotica, 
A. senegal, A. tortilis, A. horrida, A. reficiens , Grewia spp. , Salvadora persica, and 
Sterculia africana. Tree species include Dobera glabra, Commiphora spp. , and Boscia 
coriacea. Although grass cover is very patchy, with a high proportion of bare ground 
present, dominants include perennials such as Chrysopogon plumulosus and Sporobolus 
helvolus and annuals such as Aristida spp . and Eragrostis spp. 
Economy 
There are very few economic developments in this part of Ethiopia. The road 
system is composed of sparse dirt tracks that become impassible during rainy periods. 
Access to the west side of the river remains problematic because no bridges exist. 
However , in addition to ONP headquarter s, three notable forms of commerce exist in this 
reg10n. 
Tourism and Hunting 
Tourism was at its peak in ONP during the early 1970s when the airstrip was in 
good condition and travel in Ethiopia was secure. The average number of tourists 
reaching ONP since 1988 has been 40 per year (EWCO, ONP unpublished data). The 
combination of difficult access and lack of local transportation and lodging has restricted 
visitation to very few. Efforts are currently underway to improve this situation. 
A hunting camp has been operating in the Murie area on the east bank of the Omo 
River for over 19 years. Hunters from all over the world hunt elephant and antelope 
species there . Small bungalow-type accommodat ions have been built and supplies and 
hunters are brought in by airplane . Hunting is regionally regulated in Ethiopia after a 
country-wide assessment of wildlife numbers was made in 1994. Information on many 
species is still lacking , however (Mateos Ersado , EWCO, pers. comm .). 
Ethiopia-Korea Cotton Plantation 
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Approximately 150 km south of ONP headquarters on the eastern flood plain of 
the Omo River is a cotton plantation . It was established as a joint venture between the 
governments of Ethiopia and north Korea . The plantation is part of a larger plan to 
develop more of the Omo flood plains into large-scale irrigation schemes (Ethiopian 
Valley Development Studies Authority 1992). The cotton plantation located at Omo Rate 
produced a high-quality cotton but never operated at full capacity due to funding and 
logistical problems (Taiiku Zenebe , plantation manager , pers. comm .). A permanent staff 
of 45 live and work in Omo Rate . The plantation also employs approximately 300 
temporary laborers . 
Irrigation schemes will only be economically feasible along the Omo River if 
transportation and soil channeling problems are addressed (Tariku Zenebe , plantation 
manager, pers . comm.) . Transportation of raw cotton has been a major problem because 
raw cotton is bulky and large trucks are necessary to haul it to Addis Ababa. The current 
road system was not designed to accommodate these large vehicles. There is an airstrip 
located at Omo Rate , but shipping unprocessed cotton by airplane is not economically 
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feasible due to the bulk (Tariku Zenebe, plantation manager, pers. comm.). 
A problem of soil channeling (a.k.a. piping) has developed in areas that have been 
used to grow cotton (Tariku Zenebe, plantation manager, pers. comm.) . After several 
seasons of irrigation, small underground channels begin to form. Eventually the channels 
become so large that the soil surface collapses and gullies are created. In the OB, the 
proposed conversion of flood-plain grasslands into irrigated plantations may not be 
economically viable because of the resulting land degradation. Vertisols may not be 
stable enough to endure flood irrigation production without considerable management 
input (Coulombe et al. 1996). 
Kangatang Mission 
Located 100 km south of ONP headquarters is a small-scale irrigation scheme and 
clinic that was developed by the Swedish Philadelphia Church Mission (SPCM). The 
operation is powered by solar-charged batteries and a couple of diesel generators. Water 
is pumped from the river to irrigate 3 hectares of citrus and palm trees and a vegetable 
garden. The local Burne group supplies the labor. The operation has existed for 
approximately 22 years. Without continued foreign investment, however, this scheme 
would not be sustainable (Seth Malvern, SPCM, pers. comm.). 
Government Goals for Local and Regional Development 
The Ethiopian government has several relevant development goals for the OB. 
The first is to produce more hydroelectric power by damming the Omo River (EEC 
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1993). The second is to convert additional Omo River flood plains into large-scale 
irrigation schemes. These would include ONP and other regions of the lower OB (EEC 
1993). These goals are in direct conflict with additional governmental goals of managing 
ONP for conservation and tourism and maintaining areas for professional hunting. It 
would be premature to predict which of these goals will be pursued in earnest because 
national goals and regional goals are not necessarily coordinated at the present time . 
Ethnic tensions exist between government employees working in the OB, who 
originate mainly from highland areas, and indigenous people. Unless great efforts are 
made to ensure that development occurs in accordance with the needs and desires of the 
local people, any goal the government pursues will almost certainly fail. The local people 
comprise a formidable obstacle, particularly when territorial issues are involved (Jacobs 
and Schloeder , pers. observation). 
Research Justification and Background 
In their bid to conserve and manage the wealth of biodiversity found in ONP , the 
EWCO requested assistance from The Wildlife Conservation Society in 1993. Given the 
economic interests for development of the region, ONP conservation concerns and 
historical patterns of resource use by indigenous groups, research was initiated to 
understand interactions of vegetation, wildlife, and humans. Within this broad research 
framework intensive work on ecology was also conducted. One such focus was on the 
grassland dynamics, particularly as influenced by grazing and fire. Grassland dynamics 
were singled out for closer examination for two reasons . First, grasslands are one of the 
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most important resources in this area. Grasslands are the dominant wildlife habitat-type 
for ONP and support a variety of wild ungulates. Additionally, indigenous groups of 
people rely on grassland resources either through subsistence hunting or grazing of 
domestic livestock . Therefore , an understanding of grassland dynamics was a high 
priority for ONP management. The second reason grasslands were selected for research 
was due to their ecological uniqueness. Grasslands share soil type, elevation , and 
topography but receive different amounts of rainfall because they are located along a 
rainfall gradient. In addition , due to their remote location, ONP grasslands have not been 
farmed or otherwise altered and exist as native perennial vegetation. 
The ONP grassland research focused on determining the influence of grazing, fire, 
and moisture regime on plant species dynamics. The combination of grazing and fire has 
a major influence on species composition and vegetation change in East African 
grasslands (Frost and Robertson 1987). Higher rainfall typically increases fire frequency 
because of increases in grass production (i.e. , higher fuel load). Grazing tends to 
diminish the likelihood of fire through reductions in fuel load (Norton-Griffiths 1979; 
McNaughton 1979; Edroma 1984). Grazing and fire disturbances are superimposed on 
the larger-scale environmental factors of climate, geomorphology , and soil (Picket and 
White 1985; Scholes and Walker 1993). Climate, geomorphology, and soil form an 
envelope of constraint within which the existing vegetation necessarily conforms. 
Disturbances or lack of disturbances , such as grazing and fire, create lateral movement 
within that envelope. 
Lateral movement , in response to disturbance , can include changes in species 
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composition, species richness, and basal area (Thornton 1971; McNaughton 1979; 
Edroma 1981; Belsky 1986). However, predicting how a particular grassland will 
respond to a given disturbance has long been a goal of range scientists. What has become 
evident is that not all grasslands have similar responses to disturbances . Milchunas et al. 
(1988) and Milchunas and Lauenroth (1993) found that evolutionary history of grazing 
and moisture regime were the most important variables in explaining grassland response 
to grazing . They developed a theoretical grazing response model delineating the expected 
responses of grasslands under different grazing and moisture regimes (Fig. 1.5). 
Grasslands of East Africa are presumed to have long evolutionary histories with grazing. 
For these grasslands, the model predicts significant changes in species composition and 
diversity with grazing under subhumid rainfall regimes and very few changes with 
grazing under arid rainfall regimes. 
Although predicting changes in species composition and diversity are useful 
variables in the management of grasslands , another important aspect of grassland 
dynamics is species-specific response to disturbances (Hodgkinson 1992). Understanding 
which species are influenced by a particular disturbance and when species composition 
changes are likely to occur is vital for predicting how a given disturbance will affect plant 
species associations . Changes in the proportion of annual and perennial plant species , 
productivity potential, and soil erosion potential, and in the ability of a grassland to 
support current herbivore populations can result from species-specific responses to 
disturbances. Species-specific basal cover change is considered to be one of the more 
reliable variables for estimating trend in grasses because it is slower to respond to 
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perturbation than biomass or aerial cover measurements (Bonham 1989; Brady et al. 
1995). Therefore, monitoring basal cover provides a relatively precise indication of plant 
response (i.e., tolerance or intolerance) to disturbances. Grasses that have evolved with 
grazing generally tolerate defoliation associated with grazing . Although predicted change 
in species composition and diversity varies among grasslands largely depending on 
moisture regime, predicted changes in basal cover for dominant grass species are not 
necessarily dependent on grassland moisture regime (Milchunas and Lauenroth 1993). 
Grass species that dominate grasslands with long evolutionary histories of grazing appear 
to be generally tolerant to grazing regardless of moisture regime. Additionally, East 
African grasslands have evolved with fire; therefore, a general tolerance to defoliation 
associated with fire is found. Tolerance to both grazing and fire is not surprising for 
perennial grasses and particularly C4 species as they usually require some level of 
disturbance for their maintenance (Jones 1985). However, excessive grazing and fire, or 
protection from these disturbances, can cause suppression of C4 grasses . 
Different views occur regarding the relationship between fires and African 
savannas. While some feel that grassland savannas are fire subclimaxes to woodland or 
forest, others contend that fires are simply a modifier of savanna structure rather than a 
determinant (Scholes and Walker 1993). Fire does play a role in species composition, 
however, as plants differ widely in their tolerance of fire (Heady and Heady 1982; Frost 
and Robertson 1987). Most savanna plants , particularly grasses, have become adapted to 
endure fire through natural selection (Gillon 1983). In general, species that exhibit rapid 
growth are better able to endure repeated burning. Tillering is stimulated by fire in 
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tropical grasses, including East African species (Pratt and Gwynne 1977; Edroma 1984). 
While late dry-season fires generally increase grass production, they are also known to 
remove young age classes of woody species from East African savannas (Spence and 
Angus 1970; Pratt and Gwynne 1977; Afolayan 1978; Norton-Griffiths 1979; Dublin et 
al. 1990). Change in timing or frequency of fires, however, can alter the response of 
herbaceous or woody species and therefore produce change in species composition (Frost 
and Robertson 1987). 
Research Objectives 
The ONP grasslands presented an ideal opportunity to conduct research regarding 
the effects of grazing and fire on plant species dynamics in the context of a rainfall 
gradient. The 3 primary objectives for ONP grassland research were to determine if: 
1) changes in species composition and richness followed predictions made by the 
Milchunas et al. (1988) grazing response model (Chapter 2, this volume); 
2) basal cover for dominant grasses was influenced by defoliation and moisture 
regime (Chapter 3, this volume) ; and, 
3) fire frequency pattern was related to current species association patterns 
(Chapter 4, this volume). 
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Fig. 1.1. Map of Ethiopia and location of research site at Omo National Park 
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Fig. 1.2. Rainfall data for three sites in the lower Omo Basin displaying the 
moisture gradient from north to south. Maji, Park Headquarters, and Omo 
Rate receive an average annual rainfall of 1634 mm, 793 mm, and 242 mm, 
respectively. Precipitation data for Maji and Omo Rate were adapted from 





















Fig. 1.4. General territorial and movement patterns for five indigenous groups (i.e., 
Surma, K wegu, Mursi, Burne, Karro) that inhabit areas in and near Omo 
National Park. The tribal name indicates an epicenter of each territory while 
the arrows illustrate predominant movement pattern (Sutcliffe 1992; Jacobs 
and Schloeder, pers. observation). 
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Fig. 1.3. Map of Africa showing wet- and dry-season wind convergence zones in 
relation to the Omo National Park research site (6°N 36°E) in Ethiopia. The 
wet season wind convergence occurs in April and the dry season wind 
convergence occurs in January. 
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Fig. 1.5 Generalized response model of grassland vegetation to grazing for 
grasslands with long evolutionary histories of grazing. Adapted from 
Milchunas et al. (1988) and Milchunas and Lauenroth (1993). 
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CHAPTER 2 
TEST OF A THEORETICAL GRAZING RESPONSE MODEL IN GRASSLANDS 
THAT OCCUR ALONG A RAINFALL GRADIENT 
Summary 
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1. Evolutionary history of grazing and level of rainfall have been proposed as the main 
factors influencing grassland response to grazing. For example, arid grasslands may 
show little change in species composition due to grazing, while subhumid grasslands 
undergo relatively large changes. Omo National Park (ONP) in Ethiopia presented an 
ideal situation to test such predictions given that three different grasslands occurred 
across a rainfall gradient and had long evolutionary histories of grazing. Grasslands of 
ONP also provided an opportunity to determine if an intermediate response occurred at an 
intermediate position along the rainfall gradient. 
2. Effects of grazing were assessed in two ways in order to yield both short-term 
(changes in species composition with defoliation treatments) and longer-term (analyzing 
the patterns of species richness associated with permanent-water-site piospheres) 
perspectives . Using Mantel tests of matrix association , the relationships of species 
richness patterns to patterns of grazing intensity, soils and elevation were analyzed and 
ranked. Significant relationships were further analyzed to determine the nature of the 
relationship with multiple partial Mantel tests . 
3. Results supported the Milchunas, Sala & Lauenroth (1988) grazing response model. 
No significant changes occurred with defoliation at the dry site while significant species 
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additions were found at the wet site. Furthermore, the intermediate site exhibited an 
intermediate response to grazing with respect to species composition changes. Species 
additions at the intermediate site were greater than those found at the dry site but less than 
those found at the wet site. 
4. Although piosphere survey results showed a general trend in ranked variables that 
supported the grazing response model, survey results were ultimately equivocal. Species 
richness at the wet and intermediate sites did not exhibit a spatial trend, thereby making it 
impossible to validate or invalidate the grazing response model. 
Introduction 
Disturbances, both biotic and abiotic, are responsible for determining and 
maintaining heterogeneity within habitat types (Pickett & White 1985). In semiarid 
ecosystems, as with nearly all ecosystems, this heterogeneity tends to correspond to an 
increase in species diversity due to the heterogeneous pattern of competitive relationships 
(Pickett & White 1985; Wiens 1985). Two of the most important disturbances in East 
African grasslands are grazing and fire (Pratt & Gwynne 1977; Norton-Griffiths 1979; 
McNaughton 1979, 1983; Edroma 1981, 1984; Cumming 1982; Frost & Robertson 1987; 
Dublin, Sinclair & McGlade 1990). Predicting how different intensities or frequencies of 
disturbance will affect plant species composition and richness has been consistently 
difficult. When attempting to predict responses of grassland vegetation to grazing, the 
intermediate disturbance model, as well as competition and predation models, has not 
been adequate in explaining vegetation composition changes (Milchunas, Sala & 
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Lauenroth 1988). For example, plant species richness may be highest at intermediate 
grazing levels in one grassland, thereby supporting the intermediate disturbance model, 
but a different grassland may exhibit no such response . In an attempt to explain this lack 
of consistency, a grazing response model (Fig. 2.1) was developed by Milchunas, Sala & 
Lauenroth (1988). Milchunas & Lauenroth (1993) improved upon this model following a 
more comprehensive analysis using multiple regression and data from grasslands 
worldwide. They determined that two variables best explained vegetation responses to 
grazing: 1) evolutionary history of grazing for a particular grassland, and 2) rainfall or its 
correlate, aboveground net primary productivity (ANPP). With respect to the second 
variable, the relationship between rainfall and grass productivity has been well 
established in East Africa and the Sahelo-Sudanian zone (Le Houerou & Hoste 1977; 
Deshmukh 1984; Boutton , Tieszen & Imbamba 1988). 
Milchunas & Lauenroth (1993) predicted four response scenarios using 
combinations of "Evolutionary History of Grazing" and "Rainfall" variables (i.e., high 
rainfall with a long grazing history or high rainfall with a short grazing history, etc.). For 
grasslands with long evolutionary histories of grazing , the response scenarios include: 1) 
arid grasslands (350 mm yr-') should exhibit little or no change in diversity and small 
changes in species composition, and 2) more humid grasslands (1000 mm yr-1) should 
initially exhibit increases in species diversity and large changes in species composition . 
Differences in response are assumed to be due to selection pressures of rainfall 
and grazing. These forces have presumably influenced the morphology and phenology of 
the grasses growing in these areas . In arid grasslands , the two selection pressures work 
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together in the same direction since low rainfall and grazing would favor the selection of 
prostrate-growing grasses with lower levels of aboveground biomass. Therefore , arid 
grasslands would experience convergent selection pressures . In contrast , subhumid 
grasslands would experience divergent selection pressures, since high rainfall selects for 
taller grass species with higher levels of aboveground biomass while grazing pressure 
selects for low-growing, prostrate species . 
From the model, predictions can be made for any grassland regarding composition 
and diversity responses to grazing . However, data from grasslands that fall in an 
intermediate position along the moisture and grazing-history gradients were absent or 
difficult to identify (Milchunas & Lauenroth 1993). Response to grazing in intermediate 
moisture grasslands may be an average between high and low moisture areas or they may 
even respond in a nonlinear manner. Therefore , research that examined responses in 
grasslands that spanned a moisture gradient could provide valuable insight into 
vegetation-grazing dynamics. 
The grasslands of ONP in southern Ethiopia offered a potential site to test the 
response model corresponding to grasslands with long evolutionary histories of grazing . 
The ONP grasslands occupy an area that exhibits a strong north to south rainfall gradient, 
along which there is similarity with respect to soil, elevation, and topography. This 
represents an ideal situation in which to test the grazing response model and it provided 
the added resolution of an intermediate site along a rainfall gradient. 
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Materials and Methods 
STUDY AREA 
The ONP is located between latitudes 5 °30 ' N and 6 ° 40' N and longitudes 35 °20 ' 
E and 36 °00' E (Fig . 2.2). There are three large grasslands in ONP: Sai ( 410 km2) , Tinign 
(200 km2), and Illilibai (350 km2). Henceforth, these will be referred to as the wet, 
intermediate, and dry grassland sites, respectively . Major grass species in these 
grasslands include the perennials Chrysopogon plumulosus Hochst. , Digitaria 
macroblephara (Hack .) Stapf , Ischaemum afrum (J.F.Gmel.) Dandy , Panicum coloratum 
L. , Setaria incrassata (Hochst.) Hack., and Sporobolus helvolus (Trin.) Th. Dur. 
&Schinz, and an annual species Eriochloafatmensis (Hochst.& Steud.) Clayton 
(Schloeder & Jacobs 1993) . 
Annual rainfall occurs along a gradient decreasing from north to south . The wet 
site received an average of 800 mm yr -1, the intermediate site averaged 650 mm yr-1, and 
the dry site averaged 500 mm y( 1 (Schloeder 1999). Rainfall followed a bimodal 
distribution with the majority (i.e. , long rains) falling between April and June and the 
remainder (i.e., short rains) during September and October (Ethiopian Wildlife 
Conservation Organization, unpublished data) . Average annual maximum temperature 
over all three sites was 33°C and the minimum averaged 19°C, with little seasonal 
variability. Elevations ranged from 500 mas! at the northern extreme of the wet grassland 
to 425 mat the southern extreme of the dry grassland . Soils are alluvial flood plain 
Vertisols along the entire valley (Schloeder 1999). 
Historically, ONP grasslands have supported diverse populations of wild 
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herbivores, either annually or seasonally (Urban & Brown 1968). A variety of grazers 
currently utilize the grassland plains of ONP. Major species include Common Eland 
(Tragelaphus oryx), Tiang (Damaliscus lunatus), African Buffalo (Syncerus caffer), 
Grant's Gazelle (Gazella granti), and Beisa Oryx (Oryx gazella). Grazing pressure is of 
low-intensity, however, occurring mainly in the dry season due to the occurrence of Tse-
tse Fly (Glossina spp.) and water-logging of soils during the rainy seasons. 
RESEARCH OBJECTIVES , HYPOTHESES, 
AND PREDICTIONS 
This research was designed to answer the following: 1) Do species associations 
respond to grazing by exhibiting changes in species richness and species composition as 
predicted by the Milchunas & Lauenroth (1993) grazing response model, and 2) what is 
the nature of the response in grass associations under an intermediate moisture regime? 
The hypotheses (H) and predictions (P) are : 
Hl: Plant species in more arid regions have undergone convergent selection 
pressures while species in subhumid regions have undergone divergent 
selection pressures. 
Pl.I: The magnitude of changes in species composition due to defoliation 
should be positively correlated to rainfall or ANPP. 
Pl.2: Grazing intensity should be the primary correlate with species richness at 
the wet site, but not at the dry site. 
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H2: ONP grasses occurring in an intermediate moisture regime have undergone 
a combination of selection pressures that are both divergent and 
convergent. 
P2.1: Species composition at the intermediate moisture site should exhibit 
changes that are intermediate relative to the wet and dry sites. 
P2.2 Species richness and grazing intensity may be related at the intermediate 
site , but grazing intensity will not be the only related variable. 
To investigate these questions we used a research design that incorporated both 
short- and long-term responses . Defoliation experiments represented the short-term 
perspective of species composition changes with grazing . Analyzing the patterns of 
species richness associated with permanent-water-sites represented the long-term 
perspective. 
DEFOLIATION EXPERIMENTS 
Defoliation experiments were constructed in three locations along the rainfall 
gradient. Each location represented a major association of perennial grass species . 
Species associations were identified and delineated by recording species composition 
changes along a 36-km transect oriented north to south. Species composition was 
determined by recording all vascular plants in 1,000-m 2 plots at 18 sites separated by 2-
km intervals. Species turnover rate (i.e., beta diversity) was calculated because it 
performs particularly well when sample data can be arranged along a single 
environmental gradient and it facilitates identification of association boundaries 
(Whittaker 1967; Wilson & Mohler 1983; Wilson & Shmida 1984; Magurran 1988). 
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Beta Diversity (i.e., BT) was calculated as: 
BT= [g(H)+l(H)J/2a 
where g(H) is the number of species gained along the transect since the previous sample 
point, l(H) is the amount of species lost along the transect since the previous sample 
point, and ii represents the average alpha diversity among all plots. 
Association boundaries were identified by using the moving split-window 
technique (Webster & Wong 1969; Delcourt & Delcourt 1992) using three sample 
measurements per window. Perennial species presence data were also plotted along the 
same 36-km transect to validate association boundaries . 
After species associations were clearly identified , six 10 x 10 m exclosures were 
constructed at each of the three locations . Within each exclosure four 4 x 4 m plots were 
marked and then randomly assigned as treatment or control plots (Fig. 2.3). Prior to 
initial defoliation, species composition (i.e., species presence) was recorded for all plots, 
then subsequent additions or losses of all plant species were recorded every 2 weeks for 
each plot for the duration of the experiment. 
The defoliation treatment attempted to simulate defoliation associated with heavy 
grazing that naturally occurs in grazing arenas. It entailed cutting all species to a height 
of 5 cm . Plants were defoliated on a bimonthly basis during rainy seasons (n=4) and 
monthly during dry seasons (n=3), over an 18-month period. Total defoliations numbered 
27, 26, and 25 for the wet, intermediate, and dry site, respectively . 
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Each set of exclosures produced 12 measurements per treatment per site and these 
were used to analyze the response to defoliation or control. A two-way analysis of 
variance was used to test for treatment and site effects. 
PIOSPHERE MEASUREMENTS 
A longer-term perspective of the relationship between species richness and 
grazing intensity was gained by recording plant species richness in piospheres associated 
with three permanent watering sites. One permanent watering site was identified within 
each of the major grassland species associations that were previously chosen for the 
defoliation experiments (Fig . 2.4) . Although piospheres can be thought of as zones, they 
are actually a complex system of interactions determined by the presence of a watering 
site (Lange 1969). One prediction of these interactions is that grazing intensity will be 
highest near the watering site and decrease with increasing distance from water (Andrew 
1988; Pickup & Chewings 1994). However, the piosphere shape depends on the pattern 
of herbivore activity and the response of ecological variables to that activity (Andrew 
1988). Piosphere patterns result from the cumulative influence of different grazing 
intensities. Consequently, examining vegetation in piospheres provides an opportunity to 
investigate if a relationship exists between patterns of species richness and presumed 
patterns of grazing intensity. 
A centric, systematic grid design was used to collect species richness data. Each 
grid was positioned and centered immediately adjacent to each permanent watering site. 
Grid extent was determined by recording changes in species associations along two 
transects originating at each watering site. When the species association remained 
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constant for 1 km, that point was denoted as the outer edge of the sampling grid . Grid 
points were located at 200-m intervals using a Global Positioning Device (Trimble®), 
compass, and vehicle odometer. Grid size and number of grid points surveyed by site 
included a 2 x 2 km (n=lOO) for the wet site, a 3 x 3 km (n=225) for the intermediate site, 
and a 8 x 4 km (n=800) for the dry site . 
At each grid point all vascular plant species within a 25-m 2 plot were recorded. 
Other data recorded at each plot included soil (i.e., color, texture), elevation, vegetation 
height, and location of trails used by herbivores. Soils were categorized using field 
techniques to define soil color and texture. Elevation was measured with an altimeter. 
Elevation measurements allowed us to define depressions in the grassland plains where 
water is retained for longer periods than the adjacent elevated ground. Increased water 
retention can promote differences in species richness (Wilding et al. 1978) . Color 
mosaics were produced for each variable to provide visual interpretation of patterns 
(SPSS 1997) . 
A theoretical grazing intensity spatial model was constructed using a combination 
of variables , namely , distance from water (i .e , discrete distance categories in 200-m 
increments), vegetation height (i.e ., 3 height classes), and herbivore trail presence or 
absence (i.e., 2 classes). Distance from water categories were determined as follows. A 
plot positioned 400 m from water received a value of 0.4, while plots 1 km from water 
received a value of 1.0. Vegetation heights were divided into three height classes of high, 
medium, and low . Plots with a low, medium, or high vegetation height received values of 
1.0, 2.0, or 3.0 , respectively . Herbivore trails were considered to be present in plots if 
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they were within 100 m of the plot. Plots with a trail present received a value of 1.0 
while plots without received a value of 2.0 . The combination (i.e. , sum) of the three 
variables was used in an attempt to produce a "more accurate" pattern than one predicted 
from piosphere theory alone (i.e., distance from water). Variables used to produce the 
grazing intensity spatial model were also analyzed separately for correlation with species 
richness patterns. 
Relationships between spatial patterns of variables and species richness were 
determined using Mantel and Partial Mantel Tests of associations (Smouse , Long & 
Sokal 1986; Legendre & Fortin 1989; Leduc et al. 1992) because these tests require no 
assumption of independence. Similarity matrices, for each of the measured variables, 
were calculated from the raw data matrices using coefficients of similarity . Kulczynski ' s 
similarity measure was used to calculate the matrices ; 
l/2[Lmin(Xu.1k)·[~l .. +~]] k L, Xu L, X1k 
k k 
it is an appropriate asymmetrical coefficient for quantitative data (Legendre & Vaudor 
1991) where i and j are variables and k is cases. An additional matrix was calculated for 
the spatial structure of sample coordinates for use in the Partial Mantel Tests. 
Coefficients for spatial structure or geographic distance were calculated using Euclidean 
distance . Similarity matrices were then compared for correlation with Mantel and Partial 
Mantel Tests using the statistical software program "R" (Legendre & Vaudor 1991). 




Exclosures were placed using results from the beta diversity measurements (Fig. 
2.5) and from a plot of perennial species presence along the transect line (Fig. 2.6). 
Tables 2.1 to 2.3 present the results of species composition changes in defoliated and 
control plots for all experiment locations. There were no species losses at any of the three 
locations during the course of the experiment. However, there were species gains. The 
majority of species gains were annual herbs and these occurred in defoliated plots at the 
wet and intermediate sites. A significant site x treatment interaction effect was found 
(P<0.01). The change in species composition was significantly different when comparing 
defoliation and control plots at the wet site (P<0.01), but change was not significantly 
different at the intermediate (P>0.01) or dry sites (P>0.01; Fig. 2.7). Refer to Appendix 
A for complete tables of analysis of variance results. 
PIOSPHERE MEASUREMENTS 
Maps illustrating the spatial patterns of the variables recorded at each water-point 
grid are presented in Figures 2.8-10. The theoretical grazing intensity patterns that were 
developed using a combination of distance from water, vegetation height , and herbivore 
trails are illustrated in Figure 2.11. 
Species richness at the wet site ranged from two to nine species per plot and 
elevation varied from 440 to 450 masl. Soil category (i.e., a dark brown clay) did not 
differ across the sample grid. 
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At the intermediate site, species richness ranged from four to 14 and elevation 
from 425 to 430 masl. Soils were placed in two categories of clay where one was a dark 
brown and the other a lighter brown , but both had similar textures . 
Species richness at the dry site ranged from one to 16 and elevation from 410 to 
420 masl. Soils were placed into one of seven categories. Four clay categories were 
distinguished. For the first two clays (i.e., 15% sand) one was dark brown and the other 
dark reddish brown. The two other clay (i.e., 30% sand) categories recognized were dark 
brown or reddish brown. Two sandy clays (i.e., 45% sand) were distinguished, one was 
dark brown and the other reddish . Finally , one brown clay was encountered that 
contained gravel. 
Mantel and Partial Mantel results are presented in Table 2.4 and Table 2.5, 
respectively . Results were ranked to reflect relative importance. The Mantel tests 
revealed that herbivore trails was the only variable significantly related to species 
richness at the wet site while soil was the only variable significantly related to species 
richness at the intermediate site. However, at the dry site several variables were 
significantly related to species richness , the first two being soil category and grazing 
intensity . 
It is interesting to note that the spatial structure of species richness patterns did not 
exhibit a spatial trend for either the wet or intermediate sites. In other words, species 
richness at these sites did not exhibit a distinct pattern. This prevented us from 
conducting Partial Mantel Tests to determine the exact nature of significant relationships 
found at these sites. 
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Partial Mantel results at the dry site for both soil and grazing intensity supported a 
Model 3 scenario (Fig. 2.12). This indicated that spatial patterns of species richness were 
partly due to soil and grazing intensity patterns and partly determined by other factors we 
did not investigate. Partial Mantel results for elevation at the dry site supported a Model 
2 scenario. This indicated that elevation and species richness at the dry site share a 
similar spatial structure but are independent of one another. In other words, the 
significant correlation found between species richness and elevation was spurious due to 
a common spatial structure. Refer to Appendix A for complete statistical tables of 
Mantel and Partial Mantel Test results. 
Discussion 
DEFOLIATION EXPERIMENTS 
It was hypothesized that due to divergent or convergent selection pressures in 
grasslands with long evolutionary histories of grazing, we would expect larger changes in 
species composition in subhumid sites and relatively smaller changes in drier sites. 
Defoliation results supported hypothesis 1 in that the magnitude of changes in species 
composition due to defoliation was significantly related to rainfall or ANPP. Results at 
the intermediate rainfall site also supported hypothesis 2 in that species composition 
exhibited changes that were intermediate relative to the wet and dry sites. We can 
conclude from the defoliation experiments that the grazing response model proposed by 
Milchunas & Lauenroth (1993) was valid for describing vegetation dynamics for ONP 
grasslands. 
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Results were compelling in that they revealed significant differences among the 
three sites. Although the precipitation for the ONP grasslands ranged from 500 mm to 
800 mm, we found responses predicted for both more arid grasslands as well as those 
predicted for subhumid grasslands. Therefore , although the rainfall found in ONP 
grasslands did not span the full range of rainfall delineated by the Milchunas & Lauenroth 
(1993) grazing response model, a full range of response was found in the analysis. This 
suggests that it may be necessary to modify the moisture scale for the predicted responses 
for a particular grassland due to additional factors. One such factor may be soil texture. 
The ONP grassland soils were> 40% clay and comprised of smectite and 
montmorillonitic-type clays (Schloeder 1999). Heavy clay soils can produce effectively 
drier conditions for vegetation because they quickly swell with rainfall and seal the 
surface. As a consequence, the sealed surface prevents subsequent water infiltration 
(Frost et al. 1986). Furthermore, water that is held between layers in clay is not easily 
extracted by plants because montmorillonitic clay surfaces bond tightly to water (Miller 
& Donahue 1990). Therefore, the high clay-content of ONP soils may be responsible for 
producing a response to grazing that would normally be expected for drier grasslands 
(Fig. 2.13). To make predictions for management using the grazing response model it 
would be important to initially determine the scaling of the response for a given grassland 
site. 
The results clearly indicate that the ONP rainfall gradient produced a gradient of 
response within the grasslands . Why was an intermediate response produced? An 
intermediate response was found because of the nature of the rainfall gradient across the 
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landscape. The rainfall gradient allowed species distributions from the wet and dry 
grasslands to overlap in the intermediate grassland. Therefore , the mixture of species at 
the intermediate site produced the intermediate response to defoliation . 
In this experiment , the rainfall gradient exhibited a relatively constant decrease 
from north to south. For an area that exhibits an abrupt rainfall change , however, one 
might not expect to find an intermediate response . In this situation, instead of a 
continuous linear trend in response, the trend may be a stepped-response. Grazing would 
produce either large or small species composition changes but no response that is 
intermediate. 
PIOSPHERE MEASUREMENTS 
It was hypothesized that due to either convergent or divergent selection pressures 
in grasslands with long evolutionary histories of grazing , we would expect grazing 
intensity to be ranked first and significantly related to patterns of species richness in wet 
grasslands but not in dry grasslands . Results , in general, did not directly support this 
hypothesis since we failed to find a significant relationship between patterns in species 
richness and patterns of grazing intensity at the wet site. 
Recall that defoliation experiments produced rapid changes in species 
composition and increases in species richness at the wet site. In light of those results, 
why did species richness lack a strong spatial pattern at both the wet and intermediate 
sites? The following considerations are proposed. First, the areas sampled at the wet and 
intermediate sites may not have been strongly influenced by the presence of their 
respective watering points. Instead , grazing intensity , even in areas closest to water , may 
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not have been temporally significant enough to influence the species richness. Since the 
wet and intermediate watering sites were located in grasslands with higher rainfall, a 
strong grazing intensity gradient may have been absent. Additional temporary water 
sources were available to herbivores in these portions of the grassland, particularly after 
heavy rains. Therefore, grazing herbivores were less dependent on the permanent 
watering sites in the wet and intermediate grasslands compared with the dry grassland 
watering site . Grazing intensity was probably more evenly distributed throughout the wet 
and intermediate grassland rendering patterns of species richness independent of the 
theoretical grazing intensity patterns produced. If this is the case, then our inability to 
accurately predict the grazing intensity pattern at the wet piosphere prevented us from 
finding a significant relationship between the pattern of species richness and grazing 
intensity pattern. 
Oddly , one of the variables used to create the theoretical grazing intensity pattern , 
herbivore trails, was significantly related to patterns of species richness at the wet site. 
Frequently used trails, and especially those used for travel to and from permanent 
watering sites , were more likely to represent areas where more intensive grazing took 
place for two reasons . First , trails through the wet and intermediate grasslands are linear 
openings in the tall grass canopy which occasionally widen into an open patch of grazed 
vegetation . Openings are produced by either trampling or grazing or both, but the result 
is higher species richness. Second , since trails tend to be used year after year, they may 
provide the a long-term indication of grazing effects (i.e., opening of the canopy) at the 
wet site. Therefore , the significant relationship between herbivore trails and species 
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richness suggests indirect support of hypothesis 1. 
For the dry piosphere it was expected that grazing intensity would not be the 
dominant factor influencing species richness but other variables would exert a stronger 
influence on species richness patterns. Soil pattern exhibited the strongest relationship 
with species richness pattern. These results only lend partial support for hypothesis 1 in 
that grazing intensity was not the primary correlate with species richness . 
Results from piosphere measurements can not be interpreted to suggest that a 
definitive relationship existed between moisture regime and response to grazing as 
predicted by the grazing response model. The ability to rank correlation values permitted 
a coarse interpretation of variable-importance; however, due to the nonlinear spatial trend 
found in species richness at the wet and intermediate sites, a conservative interpretation 
suggests that results were equivocal. 
Conclusions 
This research was conducted in grasslands with long evolutionary histories of 
grazing and provided a test of a grazing response model proposed by Milchunas & 
Lauenroth (1993) at a single study site . Defoliation experiments produced results that 
supported the grazing response model and an intermediate response was found. Of 
interest was the finding that even though the range of rainfall for the study area did not 
span the entire range of rainfall delineated by the grazing response model , a full range of 
responses was found among the three grasslands. We conclude that high clay-content of 
ONP soils may be responsible for producing the response to defoliation that would 
normally be expected for drier grasslands. This implies that site-specific validation and 
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adjustment of the moisture scale, for a given response, would be necessary if the grazing 
response model were to be used as a guide to management practices. 
Investigations of piospheres in ONP produced equivocal results and were unable 
to contribute to the testing of the grazing response model. As is the case for any situation 
where space is an assumed proxy for another variable, difficulties can arise in 
interpretation. In this case an estimate of grazing intensity was substituted for space and 
although great care was taken to increase reliability of the grazing intensity estimate, error 
remained. 
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Table 2.1. Wet grassland: Comparison of changes in species composition during 





Setaria incrassata Tragia plukenetti 
lschaemum afrum Corchorus olitorius 
Commelina albesens Phyllanthus maderaspatensis 
Cyperus stuhlmanni Chlorophytum tuberosum 
Triumfettaflavescens Oldenlandia corymbosa 














Table 2.2. Intermediate grassland: Comparison of changes in species composition 
during the 18-month defoliation experiment in defoliated versus control plots 
Initial species Additional species Additional species 
a11 plots all plots defoliated only 
Chrysopogon plumul osus Sesbania sesban 
lschaemum afrum Corchorus olitorius 
Panicum coloratum Phyllanthus maderaspatensis 
Pennisetum mezianum Commelina benegahlese 
Digitaria macroblephara Commelina albescens 














Tragia pluk enetti 
Asparagus scaberulus 
Table 2.3. Dry grassland: Comparison of changes in species composition during 
the 18-month defoliation experiment in defoliated versus control plots 
Initial species Additional species Additional species 













Table 2.4. Ranked Mantel Tests of correlation between species richness and individual 
environmental variables at three grassland sites. Mantel statistics marked with an * are 
significant!~ correlated (P<O.l) 
Wet site Intermediate site Dry site 
Variable rank (r) rank (r) rank (r) 
Herbivore 1 0.07258* 4 0.01105 4 0.02844* 
trails 
Vegetation 2 0.07127 5 0.00732 5 0.02273* 
height 
Distance from 3 0.03782 2 0.02909 3 0.02945* 
water 
Grazing 4 0.03399 3 0.01539 2 0.04003 * 
intensity 
Elevation/ 5 0.02742 6 0.00468 6 0.01869* 
moisture 
Soil NA 1 0.04122* 1 0.06175 * 
Spatial NA 0.01051 NA 0.02253 NA 0.03380 * 
structure 
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Table 2.5. Mantel Test results below the diagonal and Partial Mantel Test results above 
the diagonal for combinations of species richness , significant variable(s), and spatial 
structure for dry site. The 'r ' statistic is the top value and the probability of differing 
from zero is below. Significant values are marked with a"*" at P~0.1 and "**" at 
P ~0.05 for Mantel Tests. A Bonferoni-adjusted significance value of P = 0.016 was used 
for Partial Mantel Tests. Model 1 and 2 are supported when P>0.016 and Model 3 is 
supported when P<0.0163 . Values that support a Model are marked with the Model 
number they support 
Species richness Soil Space 
Species richness 0.06065 -0.03167 
P=0.00058 P=0.00192 
Soil 0.06175 -0.03379 
P=0.00045 ** P=0.00629 ® 
Space -0.0388 -0.03584 
P=0.00105 ** P=0 .00395 ** 
Specie s richnes s Grazing intensity Space 
Species richness 0.03838 -0.03183 
P=0 .01154 P=0.00222 
Grazing intensity 0.04003 -0.04962 
P=0.00824 ** P=0 .00002 ® 
Space -0.0338 -0.05094 
P=0.00105 ** P=0.00001 ** 
Species richness Elevation Space 
Species richness 0.01098 -0.03023 
P=0.08568 @ P=0.00287 
Elevation 0.01869 -0.23732 
P=0.01022 ** P=0.00000 
Space -0.0338 -0.23779 
P=0.00105** P=0.00000 ** 
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Fig. 2.1. Generalized response model of grassland vegetation to grazing. Question marks 
located between the dry and wet response graphs represent lack of understanding at 
intermediate position along the moisture gradient. Adapted from Milchunas, Sala & 
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Fig. 2.3. Randomized complete block design for grassland defoliation experiments. 
Each exclosure was divided into four treatment plots. Treatment of plots included either 
defoliation or control. Treatments were applied to a 4 x 4 m plot, and measurements were 
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Fig. 2.4. Location map displaying the relative positions of the piosphere surveys and 
defoliation experiments in Omo National Park, Ethiopia. One set of defoliation 
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Fig. 2.5. Beta diversity measures along a 36-km transect at 2-km intervals. Species turn-
over rates are provided as measures of beta diversity using a moving split-window of 
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Fig. 2.6. Species presence data of 22 perennials along a 36-km transect running north to 
south (i.e., left to right) through the Omo grasslands. Plots (1000 m2 ) were sampled at 2-
km intervals. Black boxes are perennial grasses and white boxes are perennial shrubs. 
Experiments were placed at locations corresponding to positions 2, 10, and 17 along the 
transect. 
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Fig. 2.7. Changes in species composition with defoliation at three grassland sites (i.e., 
wet, intermediate , and dry sites) . Initial species present (initial), new species emerging 
that were common to both control and defoliated plots (common), and new species 
emerging that were specific to either control or defoliated plots (specific) are denoted by 
shaded bars. Control and defoliated plots are significantly different (P<0.01) when 
labeled with different letters (i.e., a,b). Site x treatment interaction was significant 
(P<0.01). 



















Fig. 2.8. Distribution mosaics for the wet piosphere in Omo National Park . Each mosaic represents data collected at 100 plots 
(25 m2). Plots were located at 200-m intervals on a 2 x 2 km grid. 
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Fig. 2.9. Distribution mosaics for the intermediate piosphere in Omo National Park. Each mosaic represents data collected at 
225 plots (25 m2). Plots were located at 200-m intervals on a 3 x 3 km grid. °' 
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Fig. 2.10. Distribution mosaics for the dry piosphere in Omo National Park. Each mosaic represents data collected at 800 
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Fig. 2.11. Theoretical grazing gradients were created for each grassland site by summing 
categorical values for distance to water, vegetation height, and presence or absence of 
trails. Illustrations represent the spatial pattern for each of these variables and the 
theoretical grazing intensity pattern produced. 












Grazing Intensity > Species Richness 
Fig. 2.12. Three models of influence as predicted by Mantel and Partial Mantel Tests. 
Model 1 is a direct relationship between the grazing intensity and species richness. 
Model 2 is a relationship where spatial structure explains grazing intensity and spatial 
structure explains species richness , but grazing intensity does not influence species 
richness. Model 3 is a partial relationship where spatial structure explains grazing 
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Fig. 2.13. Hypothetical representation of the influence of high-clay soils on grassland 
response to grazing in Omo National Park (ONP), Ethiopia. Changes of species 
composition in response to defoliation, for ONP grasslands receiving 500 mm of rainfall, 
were the same as those predicted for drier grasslands by the Milchunas & Lauenroth 
(1993) model. Rainfall found in ONP grasslands did not span the full range of rainfall 
delineated by the grazing response model; however , a full range of responses was found 
in the analysis . 
CHAPTER3 
DEFOLIATION EFFECTS ON BASAL COVER AND PRODUCTIVITY 
IN PERENNIAL GRASSLANDS WITH LONG EVOLUTIONARY 
HISTORIES OF GRAZING 
Abstract 
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Knowing how grass species respond to defoliation is important to understanding 
how grassland associations respond to grazing. Perennial grasses that have evolved with 
grazing appear to be generally tolerant to defoliation, although how rainfall regime 
influences this tolerance is unclear. Research was conducted in three perennial grasslands 
of Omo National Park (ONP) , Ethiopia, which occur along a rainfall gradient (i.e ., 500 -
800 mm yr-1). Grasslands were denoted as either wet , intermediate or dry sites according 
to relative rainfall regime . The wet, intermediate , and dry sites were dominated by two, 
five, and two grass species, respectively, which comprised 98% of total plant basal cover 
at each site. Six exclosures containing a total of 12 defoliation and 12 control plots (2 x 2 
m) were built at each site. Hand-clipped defoliation treatments were imposed bimonthly 
during 18 months (i.e., across four rainy seasons , three dry seasons) . Repeated 
measurements of basal cover and biomass production were analyzed by species. Basal 
cover for grasses, in eight of nine cases, either exhibited no change (P>0.05), or increased 
40-50% (P<0.05) in response to defoliation treatments. Likewise, biomass production for 
grasses, in seven of nine cases , either increased (P<0.05) or exhibited no change (P>0.05) 
in response to defoliation . Results overall indicated that dominant perennial grasses of 
ONP are very tolerant to defoliation , and this tolerance was expressed under all three 
moisture regimes. In addition, decreases (P<0.05) in basal cover of 25-75% for grasses 
were found in control plots in five of nine cases, indicating a negative response to 
protection from grazing and fire. 
Introduction 
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Evolutionary history of grazing and rainfall regime have been identified as key 
variables in explaining response of grassland communities to grazing (Milchunas, Sala & 
Lauenroth 1988). East African grasslands are considered to have a long evolutionary 
history of grazing, but their response to grazing differs according to the rainfall regime. 
Support for the grazing response model of Milchunas, Sala, and Lauenroth (1988) 
was found in a previous analysis of grassland dynamics in Omo National Park (ONP), 
Ethiopia (Chapter 2, this volume) . Significant changes in species composition were 
found under an intensive defoliation treatment in a subhumid grassland , but not in a 
semiarid grassland. Species composition changes at the subhumid site consisted 
primarily of the additions of annual herbs , however, and none of the dominant perennial 
grasses were removed with defoliation . 
Understanding how specific species are influenced by defoliation is vital for 
predicting grazing effects on plant species associations (Hodgkinson 1992). Proportional 
changes of annual and perennial plant components as well as changes in productivity and 
soil erosion potential, and in the ability of a grassland to support current herbivore 
populations, can result from species-specific responses to grazing. Species-specific basal 
cover change is considered to be one of the more reliable variables for estimating trend in 
grasses because it is slower to respond to perturbation than biomass or aerial cover 
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measurements (Bonham 1989; Brady et al. 1995). Therefore, monitoring basal cover 
provides a relatively precise indication of plant response (i.e., tolerance or intolerance) to 
grazmg. 
Tolerance to grazing has been reported for many perennial grasses in East Africa 
(Thornton 1971; Pratt & Gwynne 1977; McNaughton 1979; Coughenour, McNaughton & 
Wallace 1985; Jones 1985). Furthermore, grass species that dominate grasslands with 
long evolutionary histories of grazing appear to be generally tolerant to grazing regardless 
of moisture regime (Milchunas & Lauenroth 1993) . Grazing tolerance is easy to 
reconcile for species that have evolved under semiarid rainfall regimes. Acquired plant 
traits that provide resistance to drought also confer tolerance to grazing (Caldwell 1984; 
Milchunas , Sala & Lauenroth 1988; Vallentine 1990). Grazing tolerance is less intuitive 
for species that have evolved under subhumjd rainfall regimes. Grass species growing in 
subhumid grasslands are taller and adapted to compete for sunlight in a dense canopy. 
They have a larger proportion of their biomass aboveground; therefore, intensive 
defoliation may be potentially more damaging to these plants (Caldwell 1984; Jones 
1985; Vallentine 1990; Michunas & Lauenroth 1993). 
The ONP provided a unique locality to assess the interaction between intensive 
defoliation and rainfall regime. The ONP grasslands extend along a rainfall gradient 
affording the opportunity to investigate species-specific response (i.e., basal cover and 
aboveground biomass) at three different positions along that gradient. 
Study area 
The ONP is located between latitude 5 °30' N and 6 ° 40' N and longitude 35 °20 ' E 
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and 36 °00' E . There are three large grasslands in ONP: Sai (410 km2), Tinign (200 km 2), 
and Illilibai (350 km2 ; Fig. 3.1). Dominant perennial species found in these grasslands 
included Chrysopogon plumulosus Hochst., Digitaria macroblephara (Hack.) Stapf, 
Ischaemum afrum (J.F.Gmel.) Dandy, Panicum coloratum L., Setaria incrassata 
(Hochst.) Hack ., and Sporobolus helvolus (Trin.) Th. Dur. & Schinz. One dominant 
biennial species, Eriochloafatmensis (Hochst.& Steud.) Clayton, also occurred 
(Schloeder & Jacobs 1993). All species were C4 grasses and all but I. afrum are 
considered to be important native forage (Watson & Dallwitz 1992) . Ischaemum afrum is 
a tufted perennial, rhizomatous, and is generally considered to have little grazing value; 
however , young shoots were grazed by ungulates in ONP (Jacobs , pers . obser.). 
Annual rainfall occurs in a north to south gradient along the valley where 
grasslands occur. Sai receives an average of 800 mm yr _,, Tinign receives 600 mm yr-', 
and Illilibai averages 500 mm yr-1 (Schloeder 1999) . Henceforth, Sai , Tinign, and Ililibai 
will be refered to as the wet , intermediate , and dry sites, respectively. Rainfall follows a 
bimodal distribution with the majority occurring from April through June and from late 
September through October. Average annual maximum temperature is 33°C and the 
average minimum is 19°C. The topography is a relatively flat flood plain and elevation 
ranges from 500 masl in the northern extreme of the wet site to 450 masl at the southern 
extreme of the dry site. Valley soils are highly fertile, alluvial Vertisols (Schloeder 
1999). Frequent fires were the major disturbance maintaining grassland health (Chapter 
4 , this volume). The grassland bums an average of every other year at the wet site and 
once every four to six years at the dry site (Chapter 4 , this volume). 
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Various grazing mammals occur in ONP (Hillman 1993). Major species include 
Common Eland (Tragelaphus oryx), Tiang (Damaliscus lunatus), African Buffalo 
(Syncerus caffer), Grant's Gazelle (Gazella granti), and Beisa Oryx (Oryx gazella). 
Grazing pressure was of low intensity in ONP grasslands, occurring mainly during the dry 
season. 
Methods 
The main objectives were to determine if: (1) changes occurred in the basal cover 
or above-ground biomass of dominant species during an 18-month defoliation treatment; 
and (2) moisture regime influenced basal cover or biomass response. The two hypotheses 
(H) and associated predictions (P) were: 
Hl: Given a long evolutionary history of grazing for all ONP grasslands , 
dominant perennial species are tolerant to grazing. 
Pl: Dominant perennial grasses should exhibit no significant negative changes 
in basal cover with defoliation. 
H2: Although evolutionary history of grazing is long, moisture regime can 
override this variable with respect to response to grazing. 
P2: Changes in basal cover for dominant perennial grasses should be moisture-
dependent. Dominant species at the wet site should exhibit negative 
changes in basal cover with defoliation while dominant species at the dry 
site should not. 
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Experimental placement and design 
The ONP grasslands were stratified into the three species associations at different 
positions along the rainfall gradient. Exclosures were placed to ensure that they 
represented each species association. To avoid a potentially confounding placement of 
experiments, the presence or absence of perennial plant species was recorded in 1000 m2 
plots at 18 sites across a 36-km transect. Graphic representation of species presence 
along the transect provided a guide to determine where association boundaries were 
located (Fig. 3.2) . 
Within each of the three species associations a group of six exclosures was 
constructed. Rainfall measurements were collected at each experimental site over the 
course of the experiment. Oil was placed in rain gauges to prevent evaporation of rain 
water between data collection times. Each exclosure (i.e., 10 x 10 m) contained a 
duplicate set of treatments (Fig. 3.3). Plots were randomly designated to receive either a 
defoliation treatment or to serve as controls. Uniform defoliation was applied to all 
species to a height of 5 cm, simulating the heavy grazing observed within grazing arenas 
created by wild ungulates. Defoliation consisted of cutting vegetation with a hand sickle 
bimonthly during the rainy seasons and monthly during the dry seasons for an 18-month 
period (i.e., four rainy and three dry seasons). Control plots were protected from grazing 
and fire because they were located in exclosures. 
Initial basal cover measurements were made for every species present before the 
first defoliation treatment and subsequent basal cover measurements were made in the 
middle of each rainy season (i.e., four repeated measures). Basal coverage was calculated 
by measuring the average basal diameter for each plant (i.e., two perpendicular caliper 
measurements) and then calculating the area of the circle. 
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Annual biomass was measured for defoliated plots and estimated for control plots 
for each of two years. Biomass for defoliated plants was simply the sum of air-dried 
clippings per year. Biomass was estimated in control plots for each species by using a 
double-sampling technique (Bonham 1989). Estimates made for control plots were also 
converted to air-dried weights . Annual aboveground biomass was estimated by adding 
the two peak biomass measurements recorded in the middle of each rainy season. 
Although peak biomass measurements have been criticized because they discount foliage 
senescence (Deshmukh & Baig 1983), we felt that due to the bimodal nature of the 
rainfall regime, some control-plot biomass from the long rainy season was most likely 
counted again during the short rainy season , providing partial compensation for losses 
due to senescence. 
The wet site had two co-dominant perennial grass species, Setaria incrassata and 
Ischaemum afrum . The intermediate site had five dominant perennial grass species, 
Chrysopogon plumulosus , Ischaemum afrum , Digitaria macroblephara , Panicum 
coloratum, and Sporobolus helvolus. The dry site had one dominant perennial, 
Sporobolus helvolus, and another that exhibited a biennial character, Eriochloafatmensis. 
Analysis of measurements 
Twelve plots per treatment were used to analyze individual grass species response 
to defoliation or control (i.e., protection) at each site. An analysis of variance test for 
repeated measures (Hand & Taylor 1987) was used to test for differences in the basal 
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Average rainfall collected during the experiment followed a decreasing gradient 
from north to south. Bimonthly rainfall measurements are summarized for each site in 
Figure 3.4. The wet site received the highest rainfall for both years but the dry site 
received slightly more rain in 1996 than the intermediate site. 
Basal cover responses for dominant species 
Co-dominant species at the wet site were both tolerant (i.e. , exhibited no 
significant change or increased basal cover) to defoliation but responses differed in 
control plots. Setaria incrassata exhibited a significant interaction (P<0.01) between 
treatment and time. Basal cover measurements for this species revealed a more negative 
effect in control plots compared to defoliated plots (Fig. 3.5a) . Setaria incrassata basal 
cover diminished dramatically in the control plots during the second year while no such 
response was found in defoliated plots . Basal cover for I. afrum exhibited no significant 
treatment effect, time effect, or interaction (P>0.05; Fig. 3.5b). 
Co-dominant species at the intermediate site exhibited the most dynamic changes 
in response to defoliation with several species responding negatively to protection in 
control plots. Intensive defoliation did not significantly affect basal cover of C. 
plumulosus (P>0.05). Additionally, no significant time effect nor interaction (P>0.05) 
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were detected for C. plumulosus cover (Fig. 3.6a). Ischaemum afrum responded to 
defoliation differently than it did at the wet site . A significant interaction effect (P<0.01) 
was found, due to the negative change in basal cover for defoliated plants relative to 
plants in control plots (Fig. 3.6b) . Increased basal cover in defoliated plots and decreases 
in control plots produced a significant interaction effect (P<0.05) for P. coloratum (Fig. 
3.6c). Basal cover changes were not significant (P>0.05) for S. helvolus in either 
defoliated or control plots (Fig. 3.6d) . Digitaria macroblephara exhibited a significant 
interaction effect (P<0 .01) , with increasing basal cover in defoliated plots while 
decreasing basal cover in control plots (Fig. 3.6e). 
The dominant perennial at the dry site was tolerant to defoliation and protection 
while the biennial species was tolerant to defoliation . Sporobolus helvolus plants were 
not significantly influenced (P>0 .05) by treatment, but a significant time effect (P<0.01) 
was found in both defoliated and control plots . Defoliated and control plots had 
synchronous increases in basal cover over time (Fig. 3.7a). There was a significant 
interaction effect (P<O.O 1) for E. fatmensis. Although basal cover change was similar for 
both defoliated and control plots, it ultimately increased more in defoliated plots (Fig. 
3.7b). Refer to Appendix B for complete tables of repeated measures ANOVA results . 
Biomass responses for dominant species 
Co-dominant species at the wet site increased biomass production during the 
second year of the experiment with the exception of S. incrassata in control plots. 
Biomass production of S. incrassata occurring in defoliated and control plots was not 
different in the first year of the experiment , but biomass was substantially greater in the 
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defoliated plots during the second year. Therefore, a significant interaction effect 
(P<0.01) was found (Fig. 3.8a). A significant interaction (P<0.05) was also detected for 
I. afrum because biomass increased more in control plots than defoliated plots (Fig. 3.8b). 
Most co-dominant species at the intermediate site exhibited no change in above-
ground production from 1995 to 1996. However, one species increased biomass and 
another decreased with defoliation. No significant differences in biomass production 
(P>0.05) were detected between defoliated and control plots for C. plumulosus (Fig. 
3.9a). Ischaemum afrum followed a pattern similar to C. plumulosus, although a 
significant treatment effect (P<0.01) was found due to lower biomass production in 
defoliated plots for both years (Fig. 3.9b). Neither year nor treatment produced 
significant differences (P>0.05) in biomass for P. coloratum and S. helvolus (Fig. 3.9c,d). 
A significant interaction (P<0 .05) was found for D. macroblephara as biomass increased 
from the first to the second year in defoliated plots , and decreased in controls (Fig. 3.9e). 
At the dry site an overall increase in biomass production was found for S. helvolus 
from year one to year two. However, there was a significant interaction (P<0.01) between 
treatment and time as defoliated plots produced more biomass than control plots in the 
first year and less in the second year (Fig. 3. lOa). E. fatmensis produced significantly 
(P<0 .01) more biomass in the defoliated plots than the control plots for both years (Fig. 
3. lOb ). Refer to Appendix B for complete tables of analysis of variance results. 
Discussion 
To begin to interpret this rather complex picture, the basal cover and biomass 
responses were organized in terms of the climatic gradient. First, basal cover responses 
are addressed, followed by a comparison of changes found in biomass production. 
Finally, comparisons of these results are made with other East African grasslands . 
Basal cover response for dominant species 
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Changes in dominant perennial species generally supported hypothesis 1. Most 
species were not negatively influenced by defoliation, as expected for plants with long 
evolutionary histories of grazing. However , significant interactions with time were found 
in five of the nine cases (Table 3.1). Whenever a treatment of defoliation or protection 
(i.e ., control plots) is imposed over a given period, "time" must be considered a 
legitimate, inadvertent treatment factor as well. Time in an ecological sense is very 
important in defoliation experiments because the grazing effects that they attempt to 
simulate can exhibit delayed responses. Time can be related to variables such as the 
depletion of plant reserves and/or the inability of the plant to maintain roots or support 
new growth (Caldwell 1984). Time can also be associated with environmental factors , of 
which rainfall is paramount in this specific situation. An unexpected finding in this 
research was the significant negative changes in basal cover exhibited in control plots. 
The effect of time in control plots embraces potential influences that arise from the 
protection from disturbances such as defoliation, trampling, and fire. 
At the wet site S. incrassata experienced reductions in basal cover primarily in the 
control plots. Since control plots were placed within exclosures they were protected from 
all disturbances. Therefore , the significant interaction term here suggested that protection 
from disturbances was detrimental for this species. In other words, the synergy of 
protection with time selected against S. incrassata. Although we did not anticipate this 
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response in our 18-month experiment, this is not a unique finding for East African grass 
species that have co-evolved with grazing and fire (McNaughton 1979; Norton-Griffiths 
1979). Given that these grasslands experienced low levels of grazing pressure in recent 
history, fires were most likely the primary disturbance responsible for maintaining S. 
incrassata. Fires were estimated to bum grasslands every other year where S. incrassata 
grows (Chapter 4, this volume). 
At the intermediate site, D. macroblephara and P. coloratum exhibited increases 
in basal cover through time but only in defoliated plots . The interaction of treatment and 
time for these species suggested that defoliation increased basal cover and that this 
increase is further enhanced with time. Considering the relative basal coverage that each 
of these species occupied at the intermediate site , it appeared that a competitive release 
was responsible for their increase in basal cover. Ischaemum afrum experienced loss of 
basal cover in defoliated and control plots through time . The interaction term for this 
species suggested that defoliation significantly reduced basal cover and this reduction was 
intensified when combined with the additional influence of time. 
Only E. fatmensis exhibited an interaction effect at the dry site . This interaction 
suggested that the synergy of treatment and time appeared to enhance basal cover in 
defoliated plots. For a biennial species that must take advantage of relatively open sites 
for establishment, these findings were consistent with expectations. 
Although S. helvolus at the dry site did not exhibit an interaction between 
treatment and time, a simple time effect was found. Sporobolus helvolus basal cover 
increased with time in both defoliated and control plots. One should recall that this 
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species experienced no treatment effect and therefore the increase in basal cover could be 
the result of a larger-scale environmental factor such as available space or increased 
rainfall. No detrimental effect from protection was found for S. helvolus, suggesting that 
defoliation was not important for maintaining this species, at least within the temporal 
scale of the experiment. 
In summary, interaction effects implied that dominant species either increased 
under defoliation or remained the same, with the exception of I. afrum at the intermediate 
site. Protection was detrimental for all five species where an interaction of treatment and 
time was found. The fact that S. helvolus increased in control plots at the dry site 
suggested that removal of plant material through grazing or fire may be less important for 
plant maintenance on this site than at sites that receive higher rainfall. However, due to 
lower rainfall for this site, on average, the detrimental effects of protection may not have 
been measurable within the time-frame of the experiment. Accordingly, the effect of 
protection from disturbance may operate on a different time-scale from one grassland to 
the next depending on the moisture regime . 
Ischaemum afrum 
The most interesting response was that of I. afrum because it exhibited different 
responses to defoliation from one site to another. At the wet site, I. afum exhibited no 
change in defoliated plots while at the intermediate site it experienced a significant 
decrease. Site differences in species composition and moisture may be the major reasons 
for the disparity. At the wet site, I. afrum maintained a coverage of 300 to 400 cm2 m-2 
and was co-dominant with one other species. Conversely, I. afrum at the intermediate site 
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occupied about 180 cm2 m-2 at the beginning of the experiment and was co-dominant with 
four other species. Here, the reduction of I. afrum was twice as pronounced in defoliated 
plots as it was in control plots. 
lschaemum afrum may have been responding to the changing competitive 
relationships within the plots. Digitaria macroblephara exhibited a significant increase 
in basal cover in defoliated plots at the intermediate site. This species appears to have 
responded quickly to the opening of the canopy , gaining nearly 70 % of the total cover lost 
by I. afum over the course of the experiment. Additional basal cover gains were also 
recorded for C. plumulosus and P. coloratum. In total, basal cover gains by other species 
more than compensated for the loss recorded for I. afrum . 
The moisture regime at the intermediate site may have also influenced the 
reduction in basal cover for I. afrum. lscha emum afrum tolerated intensive defoliation 
under the moist conditions found in the wet site, but not at the drier intermediate site . 
The distribution of I. afrum across ONP contributes an interesting detail. The 
intermediate site was located near the southern edge of I. afrum 's natural distribution in 
this landscape. lschaemum afrum does not occur further south presumably because of the 
lower rainfall since soil, elevation and topography remain the same. Therefore, the 
negative response to defoliation at the intermediate site may have been caused by a 
generalized lowered tolerance to stress in I. afrum growing near its distribution edge . 
Different responses to grazing for species occurring in the center of their distributional 
range versus the edge have been previously reported (Hodgkinson 1992) . 
Biomass and basal cover response 
comparisons 
Biomass results did not always corroborate basal cover results. Of particular 
interest are those cases where the basal cover and biomass measurements suggested 
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completely opposite responses to defoliation or control treatment. Discussion of biomass 
results follows and relevant comparisons are drawn with basal cover results. A complete 
summary comparing dominant species responses can be found in Table 3.1. 
The wet site received higher rainfall the second year, but the two dominant species 
did not similarly increase in control plots. While I. afrum increased with increased 
rainfall, S. incrassata plants decreased in biomass production in control plots. An 
interaction effect was found for both species. For/. afrum the interaction was due to 
proportionally greater increases in biomass in control plots compared to defoliated plots. 
This implies that although defoliation did not negatively influence basal cover for I. 
afrum, biomass was moderated in defoliated plots. For S. incrassata the interaction was 
due to biomass increases for defoliated plots and biomass decreases for control plots. 
This generally concurs with basal cover results for S. incrassata with one notable caveat. 
Setaria incrassata 's trend in basal cover exhibited no significant change over the course 
of the experiment. However, during the second year of the experiment biomass 
production doubled. Therefore, the trend in basal cover did not explicitly concur with 
biomass results. Higher rainfall levels were able to promote more growth in the second 
year even though basal area for plants was statistically unchanged. 
During 1996 at the intermediate site, C. plumulosus and I. afrum produced less 
biomass than during the previous year. Rainfall was slightly less in the second year at the 
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intermediate site providing some evidence by which to explain a decrease in biomass. 
Biomass reductions for/. afrum concur with basal cover results and it appeared that I. 
afrum was susceptible to defoliation, particularly during the second year. Chrysopogon 
plumulosus exhibited no significant change in biomass due to treatment and this was 
matched with basal cover results . Digitaria macroblephara exhibited an increase in 
biomass in defoliated plots that was also in agreement with basal cover results. Finally, 
neither of the other two dominant species at the intermediate site exhibited a significant 
change in biomass production during the experiment. Therefore , with the exception of I. 
afum, defoliation did not cause reductions in the biomass production for dominant species 
at the intermediate site. This is in agreement with basal cover results. 
At the dry site , biomass production for S. helvolus increased in both defoliated 
and control plots during the experiment. During 1996, the dry site received higher 
rainfall than in 1995 and this could be responsible for the increased production . 
However, biomass production for S. helvolus in control plots was double that of 
defoliated plots. Even with the additional precipitation during the second year, plants in 
defoliated plots were not capable of producing at control-plot levels . This observation 
could be indicative of a cumulative negative effect of defoliation and time. Over time, 
defoliated plants may have started to succumb to the high intensity of defoliation. 
However, S. helvolus in defoliated plots produced more biomass during the second year , 
thereby making the previous conclusion tenuous. Alternatively, during the first year of 
the experiment, plants in defoliated plots were stimulated to produce higher amounts of 
biomass than in control plots. Sporobolu s helvolus produced large numbers of stolons 
82 
that rooted at the nodes, producing new plants in control plots, but not in defoliated plots. 
The increase in basal coverage from these new plants was apparent (Fig. 3.7a). 
Therefore , during the second year of the experiment, while S. helvolus in defoliated plots 
produced just slightly more biomass than the previous year, plants in control plots 
dramatically increased biomass production via newly established plants. 
Biomass production by E. fatmensis exhibited a positive effect from the 
defoliation treatment. The original plants died during the long dry season of 1995-96 so 
plant biomass recorded for 1996 was produced by new recruits. The plants grew much 
larger in defoliated plots presumably due to less competition for space and sunlight. 
In summary , biomass production for dominant species in the ONP grasslands 
either increased or exhibited no change in response to defoliation treatments , with the 
exception of I. afrum at the intermediate site and E. fatmensis at the dry site. As 
expected , rainfall appeared to be the main factor influencing biomass production 
(LeHouerou & Hoste 1977; Boutton , Tieszen & Imbamba 1988). Production in these 
grasslands is dependent on the mineralization of nutrients that occurs with rainfall 
(McNaughton 1988) and, therefore, biomass can sometimes be a misleading indicator of 
trend. Biomass correctly indicated trend in some species but for others it did not. 
Although basal cover is generally preferred over a more sensitive biomass measurement, 
basal coverage during this experiment showed a relatively dynamic character, particularly 
in control plots. This points out how quickly even basal coverage can change with, for 
example , 18-months of protection from disturbance . 
Comparisons with other East African 
grasslands 
How do ONP results fit with literature regarding positive or negative effects of 
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grazing or protection from grazing? Our research was atypical in terms of the procedure 
for detecting a response to grazing. While most studies have placed exclosures in heavily 
grazed grasslands to determine the influence on vegetation with the removal of grazing, 
our ONP research placed exclosures in lightly grazed grasslands and used intensive 
defoliation treatments within them to assess influences of defoliation. In the Serengeti, 
species composition changed dramatically when grazing was excluded, and dominant 
species changes were observed (McNaughton 1979, 1983; Belsky 1985) in longer-term 
exclosures (i.e., 12 years) . Similar long-term changes were observed in Murchison Falls 
(Smart, Hatton & Spence 1985) in 15-year-old exclosures. Imposing an intensive 
defoliation treatment may, therefore, require more time before dramatic changes , similar 
to those found at other sites, would occur in ONP grasslands. However, short-term 
changes have been reported in exclosures with respect to productivity (McNaughton 
1979), species composition (Edroma 1981; Belsky 1987), and basal coverage (Thornton 
1971 ). A similar trend was found in ONP as dominant species growing in protected 
plots definitely exhibited the largest negative changes in basal cover. This indicated that 
protection from all types of disturbance could produce the types of dominant species 
changes observed in other East African grasslands. Furthermore, the intensive defoliation 
treatment, over 18 months, produced significant species composition changes at the wet 
site, particularly in annual species (Chapter 2, this volume). 
Increases were found in basal cover and biomass for species in defoliated plots at 
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the intermediate site that seemed to be related to a competitive release from taller species . 
When species increase from an apparent release, it is considered a community-alteration 
benefit (Belsky 1987) and not necessarily a direct benefit of grazing . Although we did 
not see any species that appeared to overcompensate from defoliation, biomass 
production in S. helvolus at the dry site did produce significantly more biomass during the 
first year of defoliation. However, most species produced about the same amount of 
biomass, in control and defoliated plots , relative to their basal cover during the first year. 
Some species (i.e., I. afru.m, C. plumulosus) seemed to increase basal cover at the 
expense of biomass production . This could represent a morphological change from a 
more erect form to a more prostrate form in response to the intensive defoliation 
treatment. This type of short-term response was reported in other East African grasslands 
(Norton-Griffiths 1979; Edroma 1984). Interestingly, C. plumulosus was found to be 
sensitive to grazing pressure in Kenya (Herlocker 1992) while in ONP grasslands, C. 
plumulosus exhibited no significant change in basal cover under intensive defoliation. 
This anomaly could be the result of higher rainfall and soil fertility found at ONP 
compared to sites in Kenya. Unfortunately, no information is available regarding the past 
abundance of C. plumulosus in grasslands south of ONP where heavy grazing by 
livestock occurred over the last 20 years. Currently C. plumulosus is almost absent from 
these grasslands, which are dominated by Heliotropium steudneri. 
Management Implications 
Although the three ONP grasslands were adjacent to one another and shared the 
same soil, elevation , and topography, it appears that they will require different 
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management strategies to maintain or improve forage condition for grazing. Increased 
seasonal grazing, for example, would be acceptable for all three grasslands given the lack 
of response to the imposed intensive defoliation treatments. However, from previous 
research (Chapter 2, this volume) we would expect increased grazing at the wet site to 
accompany changes in species composition while at the dry site we would not. 
Furthermore, protection from disturbances, such as fire, may induce relatively rapid 
changes in dominant species basal cover at the wet and intermediate grasslands, but not at 
the dry site. Dominant ONP grasses are C4 species and defoliation is an important factor 
in their management (Jones 1985). Defoliation that is too frequent or severe can reduce 
these species while if no defoliation occurs , excessive amounts of tall unpalatable 
reproductive stems may accumulate . C4 species tend to exert strong apical dominance 
and shade young tillers , resulting in high quantities of low-quality forage (Jones 1985) 
and a general reduction in productivity . Therefore , management strategies that allow for 
burning would be preferable in ONP. 
Conclusions 
Dominant perennial species were generally tolerant of intensive defoliation 
regardless of the moisture regime. This supported the hypothesis that dominant grass 
species would be insensitive to defoliation due to their long evolutionary histories of 
grazing . One species , Ischaemum afrum, was vulnerable to defoliation and provided 
evidence that responses to grazing could vary within a species depending on whether or 
not it was located near the edge of its ecological distribution. 
Experiments conducted in ONP were initiated in grasslands that received low-
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intensity, seasonal grazing and regular fire events. Many of the dominant grass species 
were negatively affected by protection from grazing and fire, a result inversely related to 
rainfall at each site. Therefore, additional grazing pressure, especially temporary dry-
season grazing, appears acceptable given the overall response to the defoliation imposed. 
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Table 3.1. Comparison between changes in basal cover and biomass for dominant 
species at the wet (w), intermediate (i), and dry (d) sites. Treatment plots were either 
defoliated or protected as controls over a 18-month period. Columns indicate if a 
significant ( ex = 0.05) treatment, time or interaction effect was found as well as the trend 
(i.e. fl increase, U decrease,= no change) and magnitude (i.e. fl= increase vs. fl fl= higher 
rate of increase) of change for defoliated (D) or control (C) plots. Code numbers for 
perennial species cross-reference to Figure 3.2. 
Species (code#), site Change in basal cover Change in biomass 
Setaria incrassata (1), w Interaction =D, He Interaction flD, UC 
Ischaemum afrum (2), w No significant change Interaction flD, fl flC 
Chrysopogon plumulosus (11), i No significant change No significant change 
Ischaemum afrum (2), i Interaction U UD, UC Treatment/Time U UD, UC 
Digitaria macroblephara (7), i Interaction flD, UC Interaction flD, UC 
Panicum coloratum (13), i Interaction flD, UC No significant change 
Sporobolus helvolus (15), i No significant change No significant change 
Sporobolus helvolus (15), d Time flD, flC Interaction flD, fl flC 








































Figure 3.1. Location of Omo National Park (ONP) in southwest Ethiopia. Expanded 
map of ONP showing the experiment locations in wet, intermediate, and dry grasslands. 
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Figure 3.2. Species presence data of 22 perennials along a 36-km transect running north 
to south (i.e. , left to right) through the Omo grasslands . Plots (1000 m2 ) were sampled at 
2-km intervals. Black squares are grass species and white squares are woody species . 
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Figure 3.3. Exclosure design for grassland defoliation experiments . Each exclosure was 
divided into four treatment plots . Treatment of plots included either defoliation or 
control. Treatments were applied to a 4 x 4 m plot, and measurements were recorded in a 
2 x 2 m plot centered within each treatment. 
Wet Site 
Bimonthly Rainfall 
200 · ----'-----~ 
I 150 
= 
] 100 .• 
~ 









I 150 . 
= ] 100 




~ 1-~ -1- 11--~~ ~ 
so 
0 .,..,,..,.""'+-'++"-+-H~~,........~ 









Figure 3.4. Weekly rainfall distribution for the three experiment sites. Week zero begins 
on January 1, the middle of the long dry season. Total rainfall recorded at the wet, 
intermediate, and dry sites was 727, 532, and 478 mm, respectively, for year 1995 and 
792 , 523, and 552 for year 1996. 
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Figure 3.8. Biomass comparisons for dominant species at the wet site. Each mean is the 


























































Figure 3.9. Biomass comparisons for dominant species at the intermediate site. Each 











Figure 3.10. Biomass comparisons for dominant species at the dry site. Each mean is the 
result of data from 12 plots. 
CHAPTER4 
FIRE FREQUENCY AND SPECIES ASSOCIATIONS IN PERENNIAL 
GRASSLANDS OF SOUTHWEST ETIDOPIA 
Summary 
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Fires play an important role in shaping the species composition of East African 
grasslands. Grasslands of Omo National Park (ONP), Ethiopia, are dominated by 
perennial grass species and they exist in a fire-prone environment. Our objective was to 
determine if the current pattern of plant species composition was correlated with the 
historical pattern of fire frequency . Species composition was determined at 160 plots 
throughout the grassland positioned on a 2 x 2 km grid . Fire frequency was estimated for 
each plot using 11 Landsat satellite images that spanned a 23-year period . Plots in 
subhumid grasslands were estimated to bum every other year and plots in semiarid 
grasslands burned once every 4-5 years. 
No significant correlation was found between species composition and fire 
frequency according to results of a Mantel Test. Likewise, analysis by functional group 
(i.e., grass, shrubs) using Partial Mantel Tests revealed no relationship with fire frequency 
when the influence of geographic distance between plots was removed. Fires play a role 
in the species composition of ONP, but only in the sense that species that tolerate the 
current fire regime persist. 
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Introduction 
Fires have played an important role in shaping the plant species composition of 
East African grasslands (Heady & Heady, 1982). Anthropogenic grassland fires have 
always been common. Indigenous people set fires for many reasons including beliefs that 
fire brings rain, controls shrub encroachment, kills ticks, or facilitates hunting. Most 
savanna plants have become adapted to endure fire through natural selection and this is 
especially true for grasses (Gillon, 1983). In general , species that grow rapidly are better 
able to endure repeated burning . Fire stimulates tillering in tropical grasses , including 
East African species (Pratt & Gwynne , 1977; Edroma, 1984). While late dry-season fires 
generally increase grass production, they are known to remove younger woody species 
from East African savannas (Spence & Angus , 1970; Pratt & Gwynne, 1977; Afolayan , 
1978; Norton-Griffiths , 1979; Dublin , Sinclair & McGlade , 1990). A change in timing 
or frequency of fires can alter the response of herbaceous or woody species and therefore 
produce a change in species composition. While most of the species composition 
changes focus on the shrub-grassland interface, fire can also promote changes within 
grassland associations . 
The amount of protection a given grass species provides to its tiller primordia 
determines some of the mortality and growth differences found among different grass 
species in response to fire (Frost & Robertson, 1987). For example, species that 
exhibited a delay in tiller elevation well after the rains had begun were much less 
vulnerable to fire than species which elevate tillers soon after the first rain. Therefore, 
species such as Panicum ma.ximum can be eliminated by frequent fires , while 
Hyparrhenia hirta and Chrysopogon plumulosus are less vulnerable and Themeda 
triandra only occurs in areas that receive frequent burning. 
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Grasslands of Omo National Park (ONP), Ethiopia, were considered fire-prone 
(Gebre Mikael, Park staff, pers. comm.) but historical records of fire frequency were 
absent. These grasslands are dominated by perennial grass species that comprise 
approximately 98% of the plant basal cover. Species associations differed across the 
grasslands because individual species distributions varied. Given that grass species can 
exhibit differential tolerance to fires, could the current species distributions be a result of 
fire frequency? Thus , at a given site, is fire frequency responsible for the current species 
composition there? Alternatively, if ONP grasses have endured a relatively consistent 
fire regime over evolutionary time, the current species distributions may not be a result of 
fires. Instead, some other variable may be responsible for the patterns in species 
distributions . 
To address these questions, we estimated fire frequency for ONP grasslands using 
satellite imagery and compared this with current species composition. The main 
objective of our research was to determine if the pattern of fire frequency was correlated 
with the current species composition pattern . We hypothesized that ONP grasslands have 
evolved with fire. Therefore, we anticipated that most species found in the grasslands are 
fire tolerant. If species were tolerant to the current fire regime, we would not expect 
species composition, at a given site, to be correlated with fire frequency, but instead with 
some other variable such as rainfall or soil type. Conversely, if fire frequency was 
correlated with species composition, at a given site, we would have strong evidence that 
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fire frequency was either the ultimate constraint regulating species distributions or that it 
was correlated with an additional variable such as climate. 
Study area 
The ONP is located between latitudes 5 °30'N and 6°40'N and longitudes 35°20' 
E and 36°00'E (Fig. 4.1). There are three large open grasslands in ONP: the Sai Plain 
(410 km 2) to the north, the Illilibai Plain (350 km 2) to the south, and the Tinign Plain (200 
km 2) in between . Dominant perennial species found in these grasslands included 
Chrysopogon plumulosus Hochst., Digitaria macroblephara (Hack.) Stapf, Ischaemum 
afrum (J.F.Gmel.) Dandy, Panicum coloratum L., Setaria incrassata (Hochst.) Hack., and 
Sporobolus helvolus (Trin.) Th. Dur. & Schinz. One dominant biennial species, 
Eriochloafatmensis (Hochst.& Steud.) Clayton, also occurred (Schloeder & Jacobs 
1993). All of these species are C4 grasses and all but I. afrum are considered to be 
important native forage species (Watson & Dallwitz, 1992). Other less common 
perennial grass species include Schoenefeldia transiens, Bothriochloa radicans, 
Sporobolus iocladus, Heteropogon contortus, and Pennisetum mezianum. Common 
shrubs include Combretum aculatum, Rhyncosia malaformis, Indigofera schimperi, 
Maerua oblongifolia, Cadaba farinosa, and several Acacia spp. (Schloeder & Jacobs, 
1993). 
Annual rainfall occurs in a north to south gradient along the alluvial flood plain 
where the grasslands occur. The northern portions of the grassland receive an average of 
800 mm yr -I while the southern area averages 500 mm yr-1 (Schloeder, 1999). Rainfall 
follows a bimodal distribution with the majority falling between April and June and the 
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remainder during September and October. Average annual maximum and minimum 
temperatures are 33°C and 19°C, respectively. The topography is a relatively flat flood 
plain and elevation ranges from 500 m in the extreme northern grassland to 450 m at the 
extreme southern grassland. Alluvial soils are Vertisols comprising black clays and clay 
loams. 
The ONP grasslands had several interesting characteristics that differentiated them 
from more intensively studied grasslands of East Africa. First, they receive a relatively 
low intensity of grazing which occurs mainly in the dry season, due to the presence of tse-
tse fly and the nature of the soils during the rainy season . Although intensity is low, 
various grazing mammals are found on the grassland plains of Omo (Hillman, 1993). 
Major species include Common Eland (Tragelaphus oryx), Tiang (Damalis cus lunatus) , 
African Buffalo (Syncerus caff er), Grant ' s Gazelle (Gazella granti), and Beisa Oryx 
(Oryx gazella) . Second, ONP grasslands receive rainfall sufficient to attain an annual net 
primary productivity of 300 to 500 g m-2 dry matter (Chapter 3, this volume). The 
combination of low grazing intensity and relatively high biomass accumulation creates a 
fuel load sufficient to carry at least one fire annually. Areas in the northern portion of 
these grasslands receive the highest rainfall and can bum twice per year (M. Jacobs, pers. 
obs.). Anthropogenic fires are common and are set seasonally. Most fires are set at the 
end of the long dry season when grasses are in their most decadent state . Therefore, ONP 





Vegetation was characterized within the grassland by recording presence or 
absence of all species at 160 plots. Plots were 1000 m2 (i.e. , 50 x 20 m) and were located 
systematically throughout the three grasslands on a 2 x 2 km grid. The area covered by 
the sample grid was approximately 60 x 15 km (Fig. 4.2). 
Fire frequency 
Fire frequency was estimated by digitizing all grassland fires from a sample of 11 
satellite images from different years. The images consisted of both Landsat Thematic 
Mapper (TM) and Multi-spectral Scanner (MSS) satellite data and intermittently spanned 
23 years beginning in 1973. Specific acquisition dates for images used in the analysis are 
listed in Table 4.1 . Images selected had zero cloud coverage throughout the extent of the 
study site. Geographic rectification was conducted on one image using 25 ground control 
points, and subsequent images were rectified to the first image using an image-to-image 
technique to assure consistency (ERDAS Imagine, 1997). Fire scars were digitized using 
the region-growing program (ERDAS Imagine, 1997) and saved as areas of interest (Fig. 
4.3). Areas of interest were then converted into vector polygons. Fire polygons were re-
coded to 1 and areas outside of the fire polygon were recoded to zero. The vector 
polygons were then converted back to raster files and then to grid files (ERDAS Imagine, 
1997; ESRI Arc-Info, 1991). The grid files were sampled using a mask that was created 
to sample all 11 images at the 160 survey plot locations in order to determine how often 
each of the survey plot sites had burned . Fire frequency was then determined for each 
survey plot using the 11 images. Results were used in the correlation analysis and to 
make fire frequency estimations for specific ground locations. 
Statistical analysis 
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Presence /absence data for species were summarized for all plots in a binary 
matrix . Rare species do not provide enough samples to determine their distributions 
confidently and therefor e do not contribute information as to how fire frequency is related 
to species association distributions. Consequently , species occurring in < 5% of the 
samples (i.e., < 9 plots) were removed from the analysis. Species matrices were created 
for each of three groups of species associations ; all species (AS) , grass species only 
(GS), and woody species only (WS) . AS, GS, and WS groups were composed of 64, 21, 
and 23 species , respectively . Species used in the analysis are listed in Table 4.2. 
Due to inherent autocorrelation in the data , Mantel Tests (Legendre & Fortin , 
1989) were chosen over conventional statistical methods to determine correlation 
between variable patterns . Mantel Tests of association were conducted on similarity 
matrices. Similarity matrices were calculated from raw data matrices for each species 
composition group and fire frequency. An additional similarity matrix was calculated for 
geographic distance between pairs of plots for use in Partial Mantel Tests (Smouse, Long 




where a = number species common to both plots, b = number of species in one plot, c= 
species in the other plot. Kulczynski's similarity measurement, 
where i and} are variables and k is cases, was the appropriate asymmetrical coefficient 
used for the quantitative fire frequency matrix (Legendre & Vaudor, 1991). Similarity 
coefficients for geographic distance were calculated using Euclidean distance. Since 
geographic distances between plots represent the spatial structure of the sample , distances 
will be referred to as "spatial structure" or "space " for the remainder of the chapter. 
Correlation statistics between fire frequency and species composition or 
functional group were compared . Since the ryx statistic calculated is analogous to an 
autocorrelation coefficient and equivalent to a normalization of Zyx, comparisons of r 
values permit the ranking of relative strengths of correlation. Therefore, the relative 
influence of fire frequency on each species group could be ranked. 
Significant correlations found with Mantel Tests were further tested using the 
Partial Mantel Test to determine which model of influence the particular variable 
supported. The similarity matrix for spatial structure was used to test these models. 
The Partial Mantel Test is a partial correlation between two variables while controlling 
for a spatial structure (Legendre & Fortin, 1989) and was developed by Smouse et al. 
(1986). These tests were conducted using: (1) a species composition similarity matrix, 
(2) a spatial structure similarity matrix , and (3) a similarity matrix of fire frequency. The 
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interrelations among these three variables can follow one of three competing models 
(Legendre & Fortin, 1989). If the interrelationship found supports Model 1, then the 
pattern found in the variable of interest is responsible for species composition . If it does 
not support Model 1 but supports instead Model 2, then there is a spatial component in 
species composition pattern that is independent of the spatial structure of the variable of 
interest. Finally , if the interrelationship fails to support either Model lor Model 2, but 
supports Model 3, then the spatial structure of species composition pattern is partially 
determined by the spatial pattern of the variable of interest and partially determined by 
some other variable not identified in the model. Support for a particular model is 
determined by process of elimination beginning with the requirements to fulfill support 
for Model 1 followed by requirements for Model 2 and , finally , Model 3. Mantel and 
Partial Mantel Tests were calculated using the statistical software program "R" (Legendre 
& Vaudor , 1991). 
Results 
Fire frequency ranged from zero to six for plot locations . This frequency count 
yielded a proportional estimate of frequency that could then be used to estimate fire 
frequency for the full 23-year span of the data. Plots that burned one time during the 11 
years sampled were estimated to have burned two to three times during the 23 years 
period (i.e ., 1973-95). Extrapolation of the remaining fire frequency results are 
summarized in Table 4.3 . Fire frequency estimates most likely underestimate actual fire 
frequency because they were derived from a single image per year. 
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Fire frequency across the study area exhibited a definite spatial pattern (Fig. 4.4) 
as indicated by a significant Mantel Test statistic of correlation (P<0.001) between fire 
frequency and spatial structure. Fire frequency was higher in grasslands with higher 
rainfall. Likewise, spatial structure and AS, spatial structure and GS, and spatial structure 
and WS were significantly correlated (Table 4.4). All three species association groups 
exhibited a spatial trend across the landscape . Mantel Test results indicated that no 
significant relationship was found between AS distribution pattern and fire frequency 
pattern . Distribution patterns for both GS and WS species associations, however, were 
significantly related to fire frequency pattern. 
Partial Mantel Tests calculated for each species association grouping are 
summarized in Table 4.4 . A significant correlation was detected between AS 
composition and space when the influence of fire frequency was removed . Therefore , 
support for Model 1 was absent. Correlation between AS and fire frequency, after 
removing the influence of the spatial structure of plots , was not significant and therefore 
provided support for Model 2. This indicated that there was a spatial component in AS 
composition pattern that was independent from the spatial pattern of fire frequency. 
Therefore, fire frequency did not influence the distribution of AS associations. 
A significant correlation was detected between GS composition and spatial 
structure when the influence of fire frequency was removed and therefore support for 
Model 1 was absent. Correlation between GS and fire frequency, after removing the 
influence of the spatial structure of plots , was not significant and therefore provided 
support for Model 2. This indicated that there was a spatial component in GS 
composition pattern that was independent of the spatial pattern of fire frequency. 
Therefore, fire frequency did not influence the distribution of GS associations. 
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A significant correlation was detected between WS composition and spatial 
structure when the influence of fire frequency was removed and therefore support for 
Model 1 was absent. Correlation between WS and fire frequency, after removing the 
influence of the spatial structure of plots, was not significant and therefore provided 
support for Model 2. This indicated that there was a spatial component in the WS 
composition pattern that was independent of the spatial pattern of fire frequency. 
Therefore, fire frequency did not influence the distribution of WS associations. Refer to 
Appendix C for complete tables of Mantel and Partial Mantel Test results . 
Discussion 
Species composition of ONP grasslands was spatially distinct (Fig. 4.5). 
Significant correlation between species composition and the spatial structure was 
therefore expected. However , correlation between fire frequency and the spatial structure 
was more equivocal. The correlation found could be explained by higher biomass 
accumulations in northern grasslands, which in turn provide conditions better suited to 
consistently carry fires (McNaughton, 1983; Edroma, 1984; Frost & Robertson, 1987). 
However, two issues could fault this generalized assessment. First, grasslands to the 
south have high enough biomass levels , annually, to carry fires. Second , these fires are 
anthropogenic. Both issues present obstacles to attributing increased fire frequency to 
higher biomass levels. Particularly difficult to resolve is the fact that northern grasslands 
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are burned by the Surma and Kwegu groups while the southern grasslands are burned by 
the Burne group. Fire frequency could be a function of how much time each group 
spends in the grasslands or what they were doing in the grassland. For example, many 
fires in the north are started in association with hunting by the Surma and Kwegu. The 
Burne, on the other hand, rarely started fires for hunting purposes. This different purpose 
for fire creates a potentially uneven distribution of ignition events and adds doubt to a 
simple correlation between fire frequency and annual biomass levels. 
No significant correlation was found between AS composition and fire frequency. 
Although fires can profoundly influence species composition in East African grasslands 
(Frost & Robertson, 1987), this influence is based on differential tolerance of plant 
species to fire and their abilities to recover after a fire. However, if we assume that ONP 
has evolved with a relatively consistent occurrence of fires, it would seem reasonable to 
conclude that species currently found throughout these grasslands are fire tolerant. 
Intolerant species should be absent from or would not persist in such a landscape. We 
expected that most species would be fire tolerant and therefore the frequency of fires in 
ONP would not influence their distributions. 
Focusing only on the grass functional-group revealed that fire frequency was not 
influencing the distribution patterns of their associations. Apparently the common grass 
species that occupy ONP grasslands are quick to recover from the current fire regime and 
therefore able to maintain their dominance. Their recovery is promoted by the fact that 
fires usually occur at the end of the long dry season (ONP, unpublished data; Jacobs, pers. 
obs.) and that grazing intensity is relatively low (Pratt & Gwynne, 1977). Woody species 
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in these grasslands only comprise approximately 1 % of the total plant basal cover, 
suggesting that the intensity of fires in ONP was sufficient to depress woody cover (Frost 
& Robertson, 1987). However , fires may not be the only reason woody species are 
represented in low abundance in ONP grasslands . Infiltration properties, water 
availability, and churning of the predominantly clay soils could contribute to the low 
abundance of woody species (Amad, 1983; Frost et al., 1986; Miller & Donahue, 1990; 
Hillel, 1998). 
It is useful to recall that these are grasslands with well-established perennial grass 
species dominating the vegetation cover. Fire intensities are generally high because most 
fires occur during the late dry-season (Gillon, 1983) . Since distribution of ONP species 
was not significantly correlated with the fire frequency , what was causing differences in 
species associations across the grasslands? The species associations did exhibit a distinct 
spatial pattern and this was demonstrated by the significant relationship between species 
association patterns and spatial structure. Schloeder (1999) found that species 
distributions throughout the ONP grasslands were primarily driven by climate, 
geomorphology, and substrate. Therefore , at the scale of this analysis, fire frequency was 
not driving species association distributions per se. Undoubtedly, fire plays a role in the 
distribution of species here, but only in the sense that species that tolerate the current fire 
regime are able to persist. 
Predicted fire frequencies for ONP grasslands were probably underestimated 
because only one satellite image was analyzed within a given year. Although the average 
frequency was one fire every 4 years, some sample plots were found to burn more often 
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than every other year. Species composition, at a given site, was not influenced by fire at 
its current frequency regime. However, increasing or decreasing this frequency could 
potentially have marked effects on these grasslands. A reduction in fire frequency may 
permit woody species to increase within the constraints of the clay soil properties. An 
increase in fire frequency may have detrimental effects on some grass species that are 
barely able to persist with the current frequency. 
hlcreases in herbivores in ONP grasslands could also change the current fire 
dynamics. Increased grazing pressure could reduce the fire frequency (McNaughton, 
1979). Currently , standing dead biomass at the end of the dry season is substantial. Since 
most grazing occurs during the dry-season, increased herd sizes could reduce the standing 
dead material required to carry fires . Consequently , the current effect of fires on nitrogen 
budgets would be modified (Stronach & McNaughton , 1989; Hobbs et al. , 1991). 
Controlling fires is usually a management goal when protection of woody 
vegetation is of concern (Norton-Griffiths, 1979; Dublin et al., 1990). According to 
satellite images, ONP grassland boundaries have remained approximately stable for the 
last 23 years, indicating that the shrub-grassland interface has not been noticeably 
changing with the current fire frequency. However, a change in the late dry-season 
timing of fires could potentially influence grass species. A determination of which 
species would be influenced would require additional research regarding species-specific 
responses to rainfall events (i.e., quick or delayed growth after rainfall). 
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Conclusions 
This exercise revealed that current fire frequency was not responsible for 
determining the spatial pattern of species association distributions on this landscape . 
Rather , historical fire regime was most likely responsible for determining which species 
could exist in the fire-prone environment of ONP. It is important to distinguish the 
difference between these two perspectives. Species association distributions were 
primarily influenced by larger-scaled factors such as climate , geomorphology , and 
substrate. 
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Table 4.1. Acquisition dates for satellite images used to determine fire frequency in 
grasslands of Omo National Park, Ethiopia 
Image type Year Month, day 
Multi-spectral scanner 1973 February,! 
Multi-spectral scanner 1975 March, 25 
Multi-spectral scanner 1976 January, 26 
Multi-spectral scanner 1979 March, 5 
Multi-spectral scanner 1981 July, 7 
Thematic mapper 1984 September, 10 
Multi-spectral scanner 1988 September, 13 
Thematic mapper 1989 November, 19 
Thematic mapper 1994 March, 7 
Thematic mapper 1995 March ,17 
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Table 4.2. List of plant species used in the fire frequency analysis 
S ecies Name 
Monocots 
Poaceae Andropogoneae Bothriochloa radicans (Lehrn.) A. Camus 
Poaceae Andropogoneae Chrysopogon plumulosus Hochst. 
Poaceae Eragrostideae Dactyloctenium aegyptium (L.) Willd. 
Poaceae Paniceae Digitaria macroblephara (Hack.) Stapf 
Poaceae Eragrostidae Dinebra retrojlexa (Yahl) Panzer var.retroflexa 
Poaceae Paniceae Echinochloa haploclada (Stapf) Stapf 
Poaceae Paniceae Eriochloafatmensis (Hochst. & Steud.) Clayton 
Poaceae Andropogoneae Heteropogon contortus (L.) Roem. & Schult. 
Poaceae Andropogoneae lschaemum afrum (1.F. Gmel.) Dandy 
Poaceae Cynodontideae Lintonia nutans Stapf 
Poaceae Paniceae Panicum coloratum (L.) 
Poaceae Paniceae Pennisetum menzianum Leeke 
Poaceae Cynodonteae Schoenefeldia transiens (Pilg.) Chiov. 
Poaceae Paniceae Setaria incrassata (Hochst.) Hack. 
Poaceae Paniceae Setaria verticillata (L.) P.Beauv. 
Poaceae Andropogoneae Sorghum arundinaceum (Desv.) Stapf 
Poaceae Eragrostideae Sporobolus helvolus (Trin.) Th. Dur. & Schinz 
Poaceae Eragrostideae Sporobolus ioclados (Trin.) Nees. 
Comrnelinaceae Ane ilemaforskalei Yahl 
Comrnelinaceae Commelina albescens 
Comrnelinaceae Commelina benegahles e L. 
Woody Dicots 
Acanthaceae Ruellia pa tula Jacq. 
Asparagaceae Asparagus scaberulus A. Rich. 
Cappar idaceae Cadabafarinosa Forssk. 
Capparidaceae Cadaba gillettii R.A. Graham 
Cappari daceae Cadaba glandulosa Forsk. 
Capparidaceae Cadaba mirabilis Gilg 
Cappari daceae Cadaba rotundifolia Forssk. 
Ca pparidaceae Maerua aethiopica (Fenzl) Oliver 
Capparidaceae Maerua oblongifolia (Forssk.) A. Rich. 
Cappari daceae Maerua subcordata (Gilg) De Wolf 
Combretaceae Combretum aculeatum Vent. 
Convo lvulaceae Seddera bagshawei Rendle 
Fabaceae: Mimosoideae Acacia horrida (L.) Willd. benadirensis (Chiov.) Hille. 
Fabaceae: Mimosoideae Acacia 111ellifera (Yahl) Beuth. 
Fabaceae: Mimosoideae Acacia reficiens Wawra misera (Yatke) Brenan 
Fabaceae: Mimosoideae Dichrostachys cinerea (L.) Wight & Arn. 
Fabaceae: Papilionoideae Indigo/era schimperi Jaub. & Spach 
Fabaceae: Papilionoideae Rhynchosia malacophpylla (Spreng.) Boj. 
Malvaceae Pavonia ellenbeckii Gurke 
Malvaceae Pavonia propinqua Garcke 
Salvadoraceae Salvadora persica L. 
Tiliaceae Grewia tenax (Forssk.) Fiori 
Tiliaceae Grewia villosa Willd. 
Tiliaceae Triunifetta jlavescens Hochst. 
Annual Herbs 
Acanthaceae Barleria acanthoides Lindau 
Acanthaceae Barleria tetraglochin Milne-Redh 
Acanthaceae Justicia cufodomii (Fiori) Ensermu 
Aizoaceae Trianthema salsoloide s (Oliv.) 
Anthericaceae Chlorophytum tuberosum Bak. 
Araceae Stylochiton borumensis N.E.Br. 
Asclepiadaceae Secamone punctulata Decne. 
Convo lvulaceae lpomea sinensis (Desv.) Choisy 
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Table 4.2. (continued) 
S ecies Name 
Annual Herbs (continued) 
Euphorbiaceae Dalechampia parvijlora 
Euphorbiaceae Phyllanthus maderaspatensis L. 
Euphorbiaceae Tragia plukenetti A.Radcl.-Smith 
Fabaceae: Papilionoideae Sesbania sesban (L.) Merr. 
Malvaceae Abutilonfigarianum Webb. 
Malvaceae Abutilon hirtum (Lam.) Sweet 
Malvaceae Abutilon mauritania 
Malvaceae Sida ovaia Forssk. 
Labiatae Plectranthus cylindraceus Benth. 
Portulacaceae Portulaca quadrifida L. 
Portulacaceae Talinum portula cifolium (Forssk.) Schweinf. 
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Table 4.3. Fire frequency observed in a sample of 11 satellite images of Omo National 
Park that spanned 23 years. Observed frequencies were used to estimate fire frequency at 
160 ground points for the 23-year period 
Observed fire numbers 







5 (45.5 %) 
6 (54.5 %) 










Table 4.4. Correlation results for three species combinations: all species (AS), grass 
species (GS), and woody species (WS). Mantel Test results below the diagonal and 
Partial Mantel Test results above the diagonal for combinations of species, fire frequency 
and spatial structure. The 'r' statistic is the top value and the probability of differing from 
zero is below. Significant values are marked with a single asterisk(*) at P .,,;0.1 or a 
double(**) at P .,,;0.05 for Mantel Tests . A Bonferoni-adjusted significance value of P = 
0.016 was used for Partial Mantel Tests. Partial Mantel correlations report the correlation 
of two variables when the influence of the third variable is removed. Model 1 and 2 are 
supported when P>0.016 and Model 3 is supported when P<0.016. Values that support a 
given Model are marked with the Model number they support. 
All species (AS) Fire frequency Space 
All species (AS) -0.01115 -0.46781 
P=0 .35438 @ P<0.00001 
Fire frequency 0.03101 -0.08224 
P=0.11234 P=0.00109 
Space 0.46850 0.08716 
P<0.00001 ** P<0 .00004 ** 
Grass species (GS) Fire frequency Space 
Grass species 0.02065 0.48398 
(GS) P=0.23195 @ P<0 .00001 
Fire frequency 0.06037 0.06626 
P=0 .00631 ** P=0.00576 
Space 0.48651 0.08716 
P<0.00001 ** P<0.00004 ** 
Woody species (WS) Fire frequency Space 
Woody species 0.01705 0.39134 
(WS) P=0.26525@ P<0.00001 
Fire frequency 0.04993 0.07352 
P=0 .02196* P=0.00142 
Space 0.39370 0.08716 

































Fig. 4.1. Location of Omo National Park (ONP) in southwest Ethiopia. Expanded map 
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Fig. 4.2. Map of Omo National Park, Ethiopia and location of grassland vegetation 
sample plots . 
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Fig. 4.3. Satellite image taken in 1995 of the subhumid grassland of Omo National Park, 
Ethiopia. Dark green areas in the image are fire-scarred grasslands. Red areas are 
shrublands. The dotted lines represent fire scars that were digitized using a region-
growing program (ERDAS Imagine) . Image shows a 50 km view of the grassland from 
top to bottom . 
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Fig. 4.4. Fire frequency pattern detected from a regular sample of satellite images 
between 1973 and 1995 for Omo National Park , Ethiopia. 
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Fig. 4.5. Graphic representation of species composition for 160 plots located in ONP 
grasslands. Plots were clustered using presence/absence of all species occurring in >5% 
of plots. Dominant grass/monocot species comprising the different clusters were: 
1 C. plumulosus I I.afrum I P.coloratum I S.helvolus 
2 C. plumulosus I I.afrum I P.coloratum IS. transiens IC. benegalese 
3 D. macroblephara I E. haploclada I C. benegalese 
4 C. plumulosus I I.afrum I C. benegalese 
5 S. incrassata I I. afrum 
6 S. helvolus I E. fatmensis 
7 S. helvolus I P. coloratum 
8 S. helvolus 
CHAPTER 5 
SUMMARY: MODELS OF VEGETATION CHANGE FOR 
GRASSLANDS OF OMO NATIONAL PARK, ETHIOPIA 
Introduction 
Grazing and fire are two of the most important forms of disturbance in East 
African grasslands. Disturbance promotes change in plant species composition and 
diversity, which in tum shape species associations. Grassland response to grazing is 
categorized according to evolutionary history of grazing and rainfall regime. In 
grasslands that have undergone a long evolutionary history of grazing, response is 
primarily driven by rainfall regime . My experimental research in ONP addressed three 
major topics of grassland response to grazing in grasslands that occur along a rainfall 
gradient. Intensive defoliation was imposed to assess changes in species composition, 
species richness , and species-specific basal cover for dominant grasses. Research also 
addressed longer-term grassland response to fire . The pattern of fire frequency was 
estimated and compared with the current pattern of species associations to determine if 
fire frequency was influencing species associations. 
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In this chapter I first summarize research results from previous chapters and then 
present conceptual models of vegetation change, with respect to grazing and fire. 
Vegetation models were developed by combining my research findings with anecdotal 
information. The models present the anticipated grassland dynamics in response to 
different levels of grazing, fire, and rainfall. Finally, I discuss how the research results 
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and models may be useful under current management in ONP. 
Research Summary 
The following discussion requires knowledge of my experimental research design, 
terminology, and data collection . A concise summary of the research methods is 
provided in Table 1. 
Species Composition, Defoliation, and 
Rainfall Regime 
The impact of defoliation on species composition significantly differed among 
grassland sites. The largest species composition changes were found in the subhumid 
grassland (i.e., wet site) which acquired mostly annual herbs. The smallest species 
composition changes were found in the semiarid grassland (i.e., dry site). These results 
supported the grazing response model of Milchunas et al. (1988) and Milchunas and 
Lauenroth (1993) and provide grazing response predictions for ONP grasslands. 
Furthermore, an intermediate response was found at the grassland site that received an 
intermediate level of rainfall. This provided evidence that a response gradient occurs 
along the rainfall gradient. 
Species Richness, Defoliation, and 
Rainfall Regime 
Disturbance influences species richness because it affects resource availability and 
vegetation structure. Species richness was increased by defoliation at the wet and 
intermediate sites, but not at the dry site. The increase in species was promoted by the 
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change in competitive regime. In other words, defoliation can maintain some species that 
might otherwise be suppressed by competition. Data collected at the intermediate site 
provided an example of how this can occur. Basal cover for Ischaemum afrum was 
dramatically reduced with defoliation, while that for Digitaria macroblephara exhibited a 
significant increase. Digitaria macroblephara appears to have responded quickly to 
opening of the canopy, gaining nearly 70% of the total basal cover lost by I. afum over the 
course of the experiment. At the same site additional gains in basal cover were also 
recorded for Chrysopogon plumulosus and Panicum coloratum. In total, basal cover 
gains by all species combined more than compensated for the loss recorded for I. afrum. 
Therefore, D. macroblephara, P. coloratum, and C. plumulosus may have been 
responding to the changing competitive regime within defoliated plots. Without 
defoliation disturbances to periodically open the canopy, growth of D. macroblephara 
and P. coloratum may be suppressed at this site. 
Basal Cover, Defoliation, and 
Rainfall Regime 
Basal cover for dominant grasses was not adversely affected by intensive 
defoliation, and this tolerance was expressed under all three moisture regimes. Basal 
cover for grasses, with the exception of one species at the intermediate site, either 
increased or remained unchanged indicating that these grasses were well adapted to at 
least the defoliation aspect of grazing. Although a general tolerance of perennial grasses 
to grazing is reported in East Africa (Thornton 1971; McNaughton 1979; Coughenour et 
al. 1985), this attribute is not necessarily applicable across sites for a given species. The 
magnitude of species-specific tolerance can differ between sites because defoliation 
impacts are modified by site-specific factors such as soil, elevation, and slope. 
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Basal cover changes for non-defoliated grasses were influenced by rainfall regime. 
Dominant grasses protected (i.e., in control plots) from grazing and fire were negatively 
influenced at both the wet and intermediate sites. At the dry site the exact opposite result 
was obtained as basal cover for protected plots was positively influenced over time. 
Therefore, at least some disturbance appeared necessary for sustained basal cover of the 
wet and intermediate grassland associations, but not for the dry grassland association. 
Fire Frequency and Species Associations 
Fires play a major role in determining species composition and vegetation change 
in East African grasslands. The frequency, seasonality , and intensity of fires are 
important factors determining how grassland species respond to a given fire . In ONP, 
fires primarily occur ju st prior to the rainy season and are of high intensity, but fire 
frequency was unknown. Interpolation of satellite images revealed that northern portions 
of the grassland bum as frequently as every other year while southern portions bum once 
every 4 to 5 years. 
For ONP grasslands no relationship was found between the distribution of species 
association and fire frequency pattern. Fire frequency was not the primary factor 
determining how species associations were distributed in the grasslands. I concluded that 
the lack of influence from fire frequency was due to an apparent tolerance of species 
associations to fires at the current range of fire frequencies. 
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Shrub-Grassland Dynamics 
Analysis of satellite imagery and aerial photography revealed that the shrub-
grassland interface has not substantially changed since at least 1973, with the exception 
of areas immediately surrounding ONP headquarters . The headquarters area has 
experienced an increase in woody species , which may be related to fire suppression (ONP 
scouts, pers. comm.) . Although fires may be partly responsible for the low abundance of 
woody vegetation in ONP grasslands, there could be another effect due to Vertisols found 
on the plains . The high clay content of Vertisols not only makes it difficult for plants to 
extract water , but these clays also tend to chum during shrinking and swelling events, 
thereby destroying roots. Although grasses are adapted to these conditions, most woody 
species are not. 
Intensive and selective grazing pressure can also produce an increase in woody 
species . Currently ONP grasslands receive low-intensity use by resident herds of wild 
ungulates . The ONP grasslands are under a seasonal grazing regime, however , because 
grazers avoid the water-logged soils and tse-tse flies that co-occur during the rainy 
season. Increased woody vegetation due to selective grazing , therefore , is unlikely given 
current conditions . 
Models of Vegetation Change 
Model Development 
Information from the previous chapters and preceding summary was used to 
develop basic models of vegetation change for ONP grasslands. I have purposely avoided 
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suggesting that the vegetation changes in ONP grasslands constitute changing "states." 
The term "states" has previously been used to describe changes in growth-form, 
functional-group, or life-history strategy (Westoby et al. 1989). The conceptual models 
of vegetation change developed for three ONP grasslands may or may not include a 
growth-form shift in vegetation. Models of vegetation change are appealing due to their 
flexibility as a means to make management decisions based on a variety of information 
(Westoby et al. 1989). An assemblage of expected vegetational changes can be related to 
any number of variables, thereby providing a way to determine whether or not a particular 
change is appropriate, desirable, or even a realistic management goal. 
Models were intended to serve as the first step in formalizing expectations for 
ONP grasslands under increasing or decreasing levels of grazing intensity and fire 
frequency. They were developed by combining my research findings with anecdotal 
information from ONP and research data from other East African grasslands . Three 
models were developed, one for each of the three grasslands researched in ONP. The 
grasslands are called wet, intermediate, and dry sites according to their relative moisture 
regimes. The models provide guidance for the management of ONP grasslands regarding 
two questions : 1) Should ONP grasslands be managed or not? and 2) If managed, should 
management objectives differ for the different grasslands? 
The models of vegetation change examine the consequences of four scenarios for 
fire frequency and grazing intensity. Scenario 1 explores the consequences of increased 
grazing intensity and reduced fire frequency. Due to a inverse relationship between fire 
frequency and grazing intensity, what changes could be expected with an increased 
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presence of wild ungulates or cattle? Scenario 2 examines the results of unchanged 
grazing intensity with a concomitant reduction in fire frequency. Interest for this 
particular scenario was stimulated by a "no bum" policy currently in effect for ONP. 
Scenario 3 explores the result of unchanged grazing intensity along with an increase in 
fire frequency. Development of a burning program for many East African parks is almost 
a prerequisite for their management plans. Controlled fires can focus on areas that have 
inadvertently been unburned for several years. This is particularly relevant to ONP since 
grasslands are not currently managed by the ONP staff. Burning for increased 
productivity is only accomplished by local people setting wildfires . Scenario 4 examines 
the consequences of reduced grazing intensity with a concomitant increase in fire 
frequency . Potential for this scenario exists in light of poaching activities that occur in 
ONP. Zebra are important coarse grazers that have nearly been eliminated, presumably 
due to poaching (ONP scouts , pers . comm.). 
For each scenario, the conceptual models describe the expected vegetation 
changes in terms of species composition, species richness, basal cover , and functional-
group ratios. Where experimental evidence from ONP was not available, expected 
changes in vegetation were based on other grassland research in East Africa . The end 
products of the models are an estimate of grazing potential trend as well as an indication 
of the sustainability of a perennial grassland condition. Grazing potential is defined as 
not only the presence of preferred grass species, but their occurrence in a palatable 
condition as well. 
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Wet-Site Model 
The wet-site model of vegetation change (Fig. 5.1) reveals that scenario 3 would 
maintain or increase grazing potential and maintain the perennial nature of the grasslands. 
All other scenarios decrease grazing potential. Scenario 1 decreases grazing potential 
mainly due to modification of species composition . Annual herbs should proliferate 
under an intensified grazing regime. Although shrub encroachment may be limited due to 
the properties of heavy-clay soils, species such as Triumfettaflavescens, a woody herb, 
could increase with a decline in basal cover of Setaria incrassata. Scenario 2 is similar to 
Scenario 1 except that species richness decreases with low intensity grazing and reduced 
fire frequency . Due to high rainfall at the wet site, S.incrassata and Ischaemum afrum 
would produce large amounts of tall, unpalatable reproductive stems and a reduction of 
dry matter production would follow. Palatability of grasses would remain low . The 
consequences of scenario 4 are dependent on the magnitude of the increasing fire 
frequency. ONP grass species tolerate a wide range of fire frequencies. This is almost 
certainly due to the late-dry-season timing of fires. The ONP grasses receive rain shortly 
after burning , in most cases, which facilitates recovery from fire . Increasing fires to more 
than one per year could disrupt the ability of plants to recover or could potentially bum 
them during a more vulnerable growth-stage (i.e., elevated apical meristems) . Scenario 4 
may either result in no significant change or may damage existing grasses. This model 
applies to average rainfall. Higher than average rainfall would not greatly influence 
scenarios within this model. Lower than average rainfall would amplify "negative" signs 
within all scenarios. For example , grass basal cover in scenario 1 would be expected to 
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decrease more rapidly or to a greater extent due to the combination of low moisture and 
intensified grazing. If management goals for the wet site include maintaining grazing 
potential and the existing perennial grass species, scenario 3 would best accomplish these 
goals. Development of a burning program to supplement the fires set by local people 
would ensure that areas in the wet grassland are burned frequently enough to maintain 
grazing potential. 
Intermediate-Site Model 
The intermediate site model (Fig. 5.2) revealed that increases in grazing potential 
could be expected under scenarios 1 and 3. The intermediate site had a higher grass 
species richness than either the wet or dry sites. Increases in grazing pressure or fire 
frequency would provide the intermediate disturbance necessary for some grass species to 
maintain their presence. However, under scenario 1 a small increase in woody species 
would be expected while the reverse would occur under scenario 3. Scenario 2 is 
expected to produce no change or a loss in grazing potential. Rainfall at the intermediate 
site is ample to permit some taller grass species such as I. afrum to shade out other more 
palatable grass species. In fact, I. afrum was only grazed when flushed after a fire. Thus, 
the reduction in fires produces a less desirable situation for grass palatability. Grazing 
potential is expected to remain unchanged under scenario 4. Similar to the argument 
suggested for the wet site, here, too, the magnitude of an increased fire frequency is 
important. All species including the shrubs are rather fire tolerant, although I expect that 
woody species would decrease under this scenario. Higher than average rainfall years 
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should have moderate increases in the grazing potential for scenarios 1 and 3. Lower than 
average rainfall could reduce the positive influence seen under scenarios 1 and 3. 
Dry-Site Model 
The vegetation change model for the dry site (Fig. 5.3) revealed that under 
scenarios 1, 2, and 3 increases in grazing potential were expected. Increases in grazing 
intensity and reduction of fire frequency are not expected to negatively affect grazing 
potential in the dry grassland. This is presumably due to the greater grazing tolerance 
exhibited by dry grasslands. Therefore , scenarios 1 and 2 maintain a high grazing 
potential. The most important management concern for both of these scenarios is the 
potential increase in woody species. Although soils at the dry site are similar to soils at 
other sites, a water-logged soil condition occurred less frequently as a result of lower 
average rainfall. Scenario 3 increases grazing potential because regular fires reduce 
woody species enough to prevent the displacement of perennial grasses. No change in 
grazing potential was predicted under scenario 4. Increased fire frequency could reduce 
grazing potential, but only if fires increased to levels high enough to damage grass 
species. Higher than average rainfall could produce increases in the grazing potential 
under all four scenarios. Lower than average rainfall years would reduce potential 
grazing under scenario 4. Fires in combination with low or delayed rainfall could damage 
grasses by reducing root reserves. Reduction in root reserves would be caused by the 
green flush of vegetation produced after the bum. 
Management Implications 
The results of the grassland research can provide useful guidance to ONP 
managers , but in order to fully appreciate how they may be useful now or in the future, 
some background information is necessary. 
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When ONP was established in the late 1960s, a substantial budget was allocated 
by the central government for management. Enforcement of park policy was carried out 
with a large number of well-armed park staff. The ONP management budget has slowly 
decreased since the mid 1970s. Recently , the southern regional government has received 
responsibility for ONP management. This came about from 1993 through 1995 during a 
large-scaled movement in Ethiopia to regionalize many national government activities . 
Unfortunately , the budget necessary to take over these activities was not distributed 
commensurately . Therefore , park management has been not only in a state of transition 
but also reduced to very basic activities . The primary accomplishment of the ONP staff 
has been to maintain a presence in the park. This presence has not reduced poaching 
except for a small zone around headquarters. Transporting food , payroll , and other 
necessities for the 18 park employees has become the major job focus . Therefore, park 
personnel and vehicles are allocated to these responsibilities first. 
Occasionally the ONP staff will conduct patrols to monitor the illegal activities of 
the local people. Activities prohibited in the park are grazing or browsing by livestock; 
burning; poaching; honey collection; and human settlement. The current park staff is 
generally reluctant to confront the well-armed local people because confrontations can 
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result in injury or death. One only needs to view the graveyard at the park headquarters 
for confirmation. Violent confrontations are due to a lack of respect between local 
people and park staff that has stemmed from chronic misunderstandings of both the 
livelihood needs of the local people and the conservation goals of the government. The 
interactions are further complicated because most of the park staff are not locals but 
instead originate from highland ethnic groups. Non-local staff present a serious problem 
for not only direct communication with the local people (i.e., different languages), but 
also due to the adversarial relationship that has existed between highland and lowland 
peoples for centuries. Therefore, the park staff has intentionally limited the number of 
encounters it has with the local people out of fear and misunderstanding. 
Limited contact between the park staff and local people has allowed the poor 
relationship to persist. Increased communication would improve the understanding and 
lead to the necessary compromise that will benefit both the local people and conservation 
efforts in ONP . At the current level of management in ONP, I feel that the most 
beneficial contribution of my research is to provide a better understanding of the 
tolerance levels of perennial grasses. An example of how this information might be used 
to improve ONP conservation goals , under the current conditions, follows. 
Given research results regarding tolerance levels in perennial grasses, the ONP 
staff could modify its current policy of no grazing within the park to one of limited access 
grazing. Burne pastoralists bring their cattle to a hot springs area 25 km south of the 
headquarters during the short dry-season in June and July. Park policy prohibits the use 
of grasslands by pastoralists and the Burne are usually told to leave the Park without 
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regard to their particular circumstances. Burne are facing fewer options in terms of dry-
season grazing as a result of the war in southern Sudan and troubled relations with the 
Turkana in northern Kenya. If ONP staff were to allow the Burne to herd their cattle in 
the southern portion of the Park during June and July, the gesture of good will could go 
far to improve ONP-Bume relations. In addition, the Park staff could make the offer of 
seasonal-grazing access conditional on refrain from poaching. For example, if the Burne 
were found poaching, then they would lose grazing access in ONP. In this way, relations 
with the Burne as well as conservation efforts could improve, but not at the expense of 
the vegetation. 
If , in the future, ONP were to increase its management capabilities through an 
increased budget from the regional government, grassland management could shift to a 
more pro-active approach. Development of burning and grazing programs aimed at 
management of the grassland vegetation could be incorporated into management plans for 
the Park . If management capabilities were to attain this level, models of vegetation 
change could serve as guides for grassland management programs. Local people and 
their livestock could be further incorporated into the management strategies for the 
different grasslands. For example, when a desirable change (i.e., one that benefits many 
wild grazers) can only be accomplished by inducing a change in the grazing regime, the 
use of livestock may be ecologically appropriate and socially welcome. 
Conclusions 
East African grasslands are shaped and changed by many factors. Depending on 
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the combination and magnitude of rainfall, fire , and herbivory, along with soil factors, 
any number of vegetation responses could occur. Therefore, making predictions of the 
long-term future state of a grassland is difficult because uncontrollable events such as 
atypical rainfall may change the projected course. Predictions become even more 
complex when rainfall variability is combined with a speculative grazing intensity pattern 
and uncertain fire patterns. The relationship of fire frequency and grazing intensity is 
certainly inverse, but where the two occur in moderate levels, as is the case in most of the 
East African grasslands , they continue to create a wide range of possible results. 
Models of vegetation change for three grasslands in ONP summarize important 
details for guiding management strategies . Influences of fire and grazing in the wet 
grassland are not the same as those in the semiarid grassland 30 km to the south, even 
though the areas are similar in elevation and soils. Vegetation models have potential to 
assist the Ethiopian government in setting up or guiding future management objectives 
for ONP grasslands. 
Our understanding of grassland vegetation dynamics has by no means been 
improved to the point that future research is unnecessary. We are still faced with a 
daunting task if we wish to more accurately predict responses and identify trends . With 
respect to the ONP research, I feel that the next step is to better understand the grassland 
responses to changes in fire timing and increases in fire frequency. Focusing on species-
specific responses for the dominant perennial species would greatly improve the current 
models of vegetation change for ONP grasslands. 
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Table 5.1. Summary of research design used to assess effects of grazing and fire in 
grasslands of Omo National Park, Ethiopia. 
ONP grassland research 
-three grasslands were identified according to species associations along a rainfall gradient 
- Sai plains (wet site, average annual precipitation 800 mm) 
- Tinign plains (intermediate site, average annual precipitation 600 mm) 
- Illilibai plains (dry site, average annual precipitation 500 mm) 
Experimental exclosures 
-18 exclosures, six exclosures in each of three grasslands (l O x l O m) 
-each exclosure consisted of four, 4 x 4 m plots 
-Two plots were controls and two were defoliated bimonthly for 18 months 
-12 plots per treatment per site 
Measurements recorded at exclosures 
-bimonthly above-ground biomass per species for defoliated plots 
-biannual above-ground biomass estimation per species for control plots (two peak biomass estimates) 
-biannual basal cover per species for defoliated and co ntrol plots 
-species composition for defoliated and control plots 
-species richness for defoliated and control plots 
-bimonthly rainfall 
Piosphere measurements 
-one centric, systematic sampling grid at 200 m interval s was associated with a permanent watering site 
within each of three grasslands 
-plots at each sample point were 5 x 5 m 
-Wet site grid (2 x 2 km, 100 plots) 
-Intermediate site grid (3 x 3 km, 225 plots) 
-Dry site grid (8 x 4 km , 800 plots) 
Measurements recorded at piospheres 
-plant species presence or absence 




-grazing or other animal activity 
Fire frequency using ground data and satellite imagery 
-a centric, systematic sampling grid at 2 km intervals was located throughout the grasslands of ONP 
-160 grassland plots (i.e., 1000 m2 each) were sampled for plant species presence I absence data 
-11 satellite images spanned 23 years were sampled at the 160 plot locations to determine how frequently 
each plot had burned. 
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Defoliation Experiments: 
ANOVA results for Species Composition Changes 
Site by Treatment Analysis 
Categorical values encountered during processing are: 
TREATMENT (2 levels) 
l, 2 
SITE (3 levels) 
l, 2, 3 
Dep Var: ACQUIRED N: 72 Multiple R: 0.85456 Squared multiple R: 0 . 73027 
Analysis of Variance 
Source Sum-of-Squares df Mean-Square F-ratio p 
TREATMENT 70.01389 1 70.01389 37.09097 0.00000 
SITE 238.58333 2 119.29167 63.19666 0.00000 
TREATMENT*SITE 28.69444 2 14.34722 7.60067 0.00107 
Error 124.58333 66 1.88763 
Wet Site Exclosure 
Categorical values encountered during processing are: 
TREATMENT (2 levels) 
l, 2 
Dep Var: ACQUIRED N: 24 Multiple R: 0.73611 Squared multiple R: 0.54186 
Analysis of Variance 
Source Sum-of-Squares df Mean-Square F-ratio p 
TREATMENT 63.37500 1 63.37500 26.02022 0.00004 
Error 53.58333 22 2.43561 
Intermediate Site Exclosure 
Categorical values encountered during processing are: 
TREATMENT (2 levels) 
l, 2 
Dep Var: ACQUIRED N: 23 Multiple R: 0.45375 Squared multiple R: 0.20589 
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Analysis of Variance 
Source Sum-of-Squares df Mean-Square F-ratio p 
TREATMENT 16 . 97266 J. 16.97266 5.44477 0 . 02965 
Error 65.46212 21 3.11724 
Dry Site Exclosure 
Categorical values encountered during processing are: 
TREATMENT (2 levels) 
1, 2 
Dep Var: ACQUIRED N: 24 Mult i ple R: 0.35355 Squared multiple R: 0.12500 
Analysis of Variance 
Source Sum-of-Squares df Mean-Square F-ratio p 
TREATMENT 1.50000 1 1.50000 3.14286 0 . 09011 
Error 10.50000 22 0.47727 
Piosphere Surveys: 
Mantel Tests and partial Mantel Tests of Association 
with Species Richness 
1) Mantel Tests for Primary Variables 
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Mantel tests between Spec i es Richn ess and each primary environmental var iable at 
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0 . 01869 
0.04003 
-0.03380 




(t) prob . (t) 
1. 43072 0 . 07626 
-0.17914 0. 42891 
0.52182 0.30090 
-1.06375 0.14372 





2) Partial Mant el Tests for Primary Var i ables 
SR Species Richness 
GG Grazing intensity gradient 
SO Soil 
S Space or geographic distance 
E Elevation 
Wet Site- Grazing Gradient 
SR*GG , s 
Computation : 
r r stand. ST 
**Hubert** 
AB.C 0. 03291 0 . 16774 728 
SR*S , GG 
Computation: 
r r stand. ST 
**Hubert** 
AB.C -0.00624 -0.05522 435 
GG*S , SR 
Computation: 
r r stand. ST 
**Hubert** 
AB.C -0.12737 -1.00000 0 
I n termedia t e Si te - Soil 
SR*SO , s 
Computation: 
r r stand. ST 
** Hubert** 
AB.C 0.03802 0 . 37304 885 
SR*S , so 
Computation: 
r r stand . ST 
**Hubert** 
AB.C -0.01592 -0.27496 232 
SO*S , SR 
Computation: 
r r stand. ST 
**Hubert** 















Pro b (r) t Prob(t) 
(Hope, 1968 ) 
0 . 27200 0.68027 0.24817 
Permutations Approximation 
Prob(r) t Prob( t) 
(Hope,1968) 
0.43600 -0.18677 0.42592 
Permutations Approximation 
Prob(r) t Prob(t) 
(Hope, 1968) 
0.00100 -3.47983 0.00025 
Permutations Approximation 
Prob(r) t Prob(t) 
(Hope, 1968) 
0. 11500 1.29502 0.09766 
Permutations Approximation 
Prob(r) t Prob(t) 
(Hope,1968) 
0.23300 -0.72679 0.23368 
Permu t ations Approximatio n 
Prob(r) t Prob(t) 
(Hope,1968) 
0.00100 -7. 58133 0.00000 
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Computation: Permutations Approximation 
r r stand. ST EQ GT Prob(r) t Prob(t) 
**Hubert** (Hope,1968) 




Computation: Permutations Approximation 
r r stand. ST EQ GT Prob(r) t Prob(t) 
**Hubert** (Hope,1968) 




Computation: Permutations Approximation 
r r stand. ST EQ GT Prob(r) t Prob(t) 
**Hubert** (Hope,1968) 
AB.C -0.04937 -0.78033 7 1 992 0 . 00800 -2.48141 0.00654 




Computation: Permutations Approximation 
r r stand. ST EQ GT Prob(r) t Prob(t) 
**Hubert** (Hope, 1968) 
AB.C 0.00846 0.06626 652 1 347 0.34800 0.28178 0.38906 
SR*S, GG 
Computation: Permutations Approximation 
r r stand. ST EQ GT Prob(r) t Prob(t) 
**Hubert** (Hope,1968) 
AB.C -0.01847 - 0 .29 169 193 1 806 0.19400 -0.84179 0.19995 
GG*S, SR 
Computation: Permutations Approximation 
r r stand. ST EQ GT Prob(r) t Prob(t) 
**Hubert** (Hope, 1968) 
AB. C -0.32817 -1.00000 0 1 999 0.00100 -14.68894 0 . 00000 




Computation: Permutations Approximation 
r r stand. ST EQ GT Prob(r) t Prob(t) 
**Hubert** (Hope, 1968) 





Computation: Permutations Approximation 
r r stand . ST EQ GT Pr ob(r) t Prob(t) 
**Hubert** (Hope, 1968) 




Computation: Permutations Approximation 
r r stand. ST EQ GT Prob(r) t Prob(t) 
**Hubert** (Hope,1968) 
AB. C -0.04962 -1. 00000 0 1 999 0.00100 -4.07606 0.00002 




Computation: Permutations Approximation 
r r stand. ST EQ GT Prob(r) t Prob(t) 
**Hubert** (Hope,1968) 




Computation: Permutations Approximation 
r r stand. ST EQ GT Prob(r) t Prob(t) 
**Hubert** (Hope, 1968) 




Computation: Permutations Approximation 
r r stand. ST EQ GT Prob(r) t Prob(t) 
**Hubert** (Hope,1968) 







Computation: Permutations Approximation 
r r stand. ST EQ GT Prob(r) t Prob(t) 
**Hubert** (Hope,1968) 




Computation: Permutations Approximation 
r r stand. ST EQ GT Prob(r) t Prob(t) 
**Hubert** (Hope,1968) 
AB.C -0.03167 -0.82120 5 1 994 0 . 00600 -2.89065 0.00 192 
SO*S, SR 
Computation: Permutations Approximation 
r r stand. ST EQ GT Prob(r) t Prob(t) 
**Hubert** (Hope, 1968) 
AB.C -0.03379 -0.80450 4 1 995 0 . 00500 -2.49557 0.00629 
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3) Mantel Tests of association between Species Richness(SR)and secondary 
variables at each site; trails, distance 
Wet Site 
SR * Trails 
Computation: 
r r stand. ST 
**Hubert** 
0.07258 0.40247 893 
SR* Distance from water 
Compu t a ti on : 
r r s t a nd . ST 
** Huber t ** 
- 0 . 03782 -0.368 15 196 
SR* Vegetation Height 
Computation: 
r r stand. ST 
**Hubert** 




r r stand. ST 
**Hubert** 
-0. 01105 -0.11117 404 













r stand. ST 
**Hubert·•* 
-0.36309 197 
r stand. ST 
**Hubert** 
-0.52837 169 
r stan d. ST 
**Hubert** 















from water , and vegetation height 
Permut a tions Approximation 
GT Prob(r) t Prob(t) 
(Hope,1968) 
106 0. 10700 1.45280 0.07314 
Pe rmutati on s App r ox im a ti on 
GT Pr ob(r) t Prob ( t ) 
(Hop e, 1968 ) 
803 0. 19700 -0.85330 0.19675 
Permutations Approx i matio n 
GT Prob(r) t Prob(t) 
(Hope , 1968) 
104 0. 10500 1. 24750 0 . 10611 
Permutations Approximation 
GT Prob(r) t Prob ( t) 
(Hope,1968) 
595 0.40500 -0.30737 0.37928 
Perm u tat i ons Approxi mation 
GT Prob(r) t Prob(t) 
(Hope, 1968) 
802 0.19800 -0.90469 0.18281 
Permutations Approximat i on 
GT Prob(r) t Prob ( t) 
(Hope, 1968) 
830 0 . 17000 -0.94263 0 . 1729 4 
Pe rmu t a t i on s Approx i mation 
GT Pr ob (r) t Prob (t ) 
(Hop e , 1968) 
93 0.09400 1.39385 0.08 168 
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SR* Distance from water 
Computation: Permutations Approximation 
r r stand. ST EQ GT Prob(r) t Prob(t) 
**Hubert** (Hope,1968) 
0.02945 0.41261 940 1 59 0.06000 1.78017 0.03752 
SR* Vegetation Height 
Computation: Permutations Approximation 
r r stand. ST EQ GT Prob(r) t Prob( t) 
**Hubert** (Hope,1968) 
0 . 02273 0.46268 967 1 32 0.03300 1.95155 0.02550 
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Basal Cover Analysis 
Repeated Measures ANOVA results for dominant grasses 




Categorical values encountered during processing are: 
TREATMENT (2 levels) 
1, 2 
Number of cases processed: 24 
Dependent variable means 
BTl 
19 . 6249 
BT2 
19.0582 




12 . 6691 
Time 1.0000 26 . 0000 55.0000 76.0000 





















2 . 37 29 
12.0000 
BT3 





2 . 1383 












TREATMENT 376.8514 1 376 . 8514 1.8359 0.1892 
Error 4516. 0014 22 205.2728 
Within Subjects 
-------------- -
Source SS df MS F 
Time 1300.1191 3 433.3730 30.2667 
Time 
*TREATMENT 203.5144 3 67 . 8381 4.7378 
Error 945.0201 66 14.3185 
Ischaemwn afrum 
Categorical values encountered during processing are: 
TREATMENT (2 levels) 
l, 2 
Number of cases processed: 24 


















Repeated measures factors and levels 
Dependent Variables 
Within factor 
Time 1.0000 26 . 0000 55 . 0000 76.0000 
















N of Cases= 
BT2 
17 . 8964 
0.8981 
16 . 9116 
0.7528 













0 . 6606 


















Source SS df MS F P G- G H-F 
Time 5 . 5336 3 1.8445 0.8734 0.4594 0.4025 0.4122 
Time 
*TREATMENT 5.2281 3 1.7427 0.8252 0.4847 0.4200 0.4308 
Error 139. 3836 66 2 .1119 
Intermediate Site 
Chrysopogon plwnulosus 
Categorical values encountered during processing are: 
TREATMENT (2 levels) 
l, 2 
Number of cases processed: 24 










Time 1 . 0000 26.0000 52.0000 73.0000 














22 . 4459 
3.0095 









3 . 4934 








23 . 3750 
3 . 6032 
15.0907 
3.6032 




























F P G-G H-F 










0 . 5873 0.6255 0.5469 0.5673 
Ischaenrum afrum 
Categorical va lues encountered during processing are: 
TREATMENT (2 levels) 
1, 2 
Number of cases processed: 24 
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N of Cases= 
BT2 
13 .1354 
0 . 7786 
13.6374 
0.7837 








Univariate and Multivariate Repeated Measures Analysis 
Between Subjects 








10 .9 197 
0.7085 
p 
TREATMENT 116. 6151 1 116.6151 6. 4591 0.0186 
Error 397.1964 22 18.0544 
Within Subjects 
------ - - --- ----
Source SS df MS F p G-G 
Time 399. 0271 3 133.0090 48. 8715 0.0000 0.0000 
Time 
*TREATMENT 60 . 0973 3 20.0324 7.3605 0.0002 0.0025 
Error 179.6259 66 2.7216 
Digitaria macroblephara 
Categorical values encountered during processing are: 
TREATMENT (2 levels) 
1, 2 














Time 1 . 0000 26.0000 52.0000 73.0000 
Least squares means. 
TREATMENT =l 
LS . Mean 
SE 
TREATMENT 





N of Cases= 
BT2 
10.5560 
0 . 9107 
13.4820 
1.3369 














Univariate and Multivariate Repeated Measures Analysis 
Between Subjects 










TREATMENT 887.8258 1 88 7. 82 58 17.1222 
Error 1140.75 3 8 22 51.8524 
Within Subjects 
- - -- -- - ----- - - -
Source SS df MS F 
Time 118.6855 3 39.5618 8.2842 
Time 
*TREATMENT 17 5. 63 95 3 58. 546 5 12.2596 
Error 315.1880 66 4. 7 756 
Panicum coloratum 
Categorical values encountered during pr o cessing are: 
TREATMENT (2 levels) 
1, 2 
Number of cases processed: 16 
Dependent variable means 
BTl 
7.8348 







Time 1 . 0000 26 . 0000 52.0000 73.0000 















1 . 4454 



























0 . 0004 
G-G H-F 
0.0022 0. 0014 
0 . 0002 0.0001 
Univariate and Multivariate Repeated Measures Analysis 
Between Subjects 
Source SS df MS F 
TREATMENT 80.8248 1 80.8248 0.8606 
Error 1314.7937 14 93.9138 
Within Subjects 
---------------
Source SS df MS F p 
Time 39.6600 3 13. 2200 1.8998 0.1443 
Time 
*TREATMENT 68.9052 3 22.9684 3.3008 0.0294 
Error 292 . 2565 42 6.9585 
Sporobolus helvolus 
Categorical values encountered during processing are: 
TREATMENT (2 levels) 
l, 2 
Number of cases processed: 16 
Dependent variable means 
BTl 
8.1561 




8. 7260 7.6004 
Time 1.0000 26.0000 52.0000 73.0000 


























































0 . 1782 
0.0650 
Source SS df MS F P G-G H-F 
Time 13. 7149 3 4.5716 1.1781 0.3295 0.3190 0.3241 
Time 
*TREATMENT 7.5903 3 2.5301 0.6520 0.5862 0.5101 0.5371 
Error 162.9801 42 3.8805 
Dry Site 
Sporobolus helvo l us 
Categorical values encountered during processing are: 
TREATMENT (2 levels} 
1, 2 
Number of cases processed: 24 





Repeated measures factors and levels 
Dependent Var i ables 
With i n factor 
BT3 
32.3930 
Time 1 . 0000 26.0000 46.0000 73.0000 






























Univariate and Multivariate Repeated Measures Analysis 
Between Subjects 










TREATMENT 8. 5712 1 8. 5712 0.1459 
Error 1292.1469 22 58.7339 
Within Subjects 
---------------
Source SS df MS F 
Time 324.7522 3 108.2507 81.9346 
Time 
*TREATMENT 9.8109 3 3.2703 2.4753 
Error 87.1982 66 1.3212 
Er i ochloa fatmensis 
Categorical values encountered during processing are: 
TREATMENT (2 levels} 
l, 2 
Number of cases processed: 24 
Dependent variable means 
BTl 
7.6898 
Repeated me as u res f actors and l eve l s 
Dependent Va r iabl e s 





Time 1.0000 26.0000 46.0000 73.0000 


































N of Cases= 
BT2 






0 . 5204 
0.7582 
Univariate and Multivariate Repeated Measures Analysis 
Between Subjects 





TREATMENT 76.9594 1 76.9594 3.7013 
Error 457.4414 22 20. 7928 
Within Subjects 
---------------
Source SS df MS F p 
Time 666.4518 3 2 22 .1506 66. 9719 0.0000 
Time 
*TREATMENT 7 5.4715 3 25.1572 7.5842 0.0002 
Error 2 18 . 9267 66 3 . 3171 
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p 
0 . 0674 
G-G H-F 




ANOVA results for dominant grasses 
Wet Site 
Setaria incrassata 
Categorical values encountered during processing are: 
TREAT (2 levels) 
l, 2 
YEAR (2 l evels) 
1995, 1996 
Dep Var : SETAINCR N: 48 Multiple R: 0.57625 Squared multiple R: 0 . 33207 
Analysis of Variance 
Source Sum-of-Squares df Mean-Square F-ratio p 
TREAT 1. 92721E+06 1 l.927 2 1E+06 10.78610 0.00201 
YEAR 1.36533E+05 1 l.36533E+05 0.76414 0.38678 
TREAT*YEAR 1.84475E+06 1 l.84475E+06 10.32462 0.00246 
Error 7 .86170E+06 44 l.78675E+05 
Ischaenrurn afrum 
Categorical values encountered during processing are: 
TREAT (2 levels) 
l, 2 
YEAR (2 levels) 
1995, 1996 
Dep Var: ISCHAFRU N: 48 Multiple R: 0.61436 Squared multiple R: 0 . 37743 
Analysis of Variance 
Source Sum-of-Squares df Mean-Square F-ratio p 
TREAT 2 .11604E+05 1 2 . 11604E+05 1.01077 0.32022 
YEAR 3.98189E+06 1 3 . 98189E+06 19.02032 0.00008 
TREAT*YEAR l.39094E+06 1 1 . 39094E+06 6.64413 0.01338 
Error 9.21136E+06 44 2 . 09349E+05 
Intermediate Site 
Chrysopogon plwnulosus 
Categorica l values encountered during processing are : 
YEAR (2 levels) 
l, 2 
TREAT (2 levels) 
l, 2 
2 case(s) deleted due to missing data. 
Dep Var: CHRYPLUM N: 48 Multiple R: 0.55815 Squared multiple R: 0.31153 
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Analysis of Variance 
Source Sum-of-Squares df Mean-Square F - ratio p 
YEAR 5 . 85413 E+06 1 5.85413 E+06 18.82340 0 . 00008 
TREAT 24345.02083 1 24345.02083 0.07828 0.78095 
YEAR*TREAT 3 . 13472E+05 1 3 . 13472E +05 1.00794 0.32089 
Error l.36841E+07 44 3 .11003E+05 
rschaemum afrum 
Categorical va l ues encountered during processi n g are: 
YEAR (2 l evels) 
l, 2 
TREAT (2 levels) 
l, 2 
2 case(s) deleted due to missing data. 
Dep Var: ISCHAFRU N: 48 Multiple R: 0.78704 Squared mul tiple R: 0 . 619 4 3 
Analysis of Variance 
Source Sum-of-Squares df Mean-Square F-ratio p 
YEAR l.51976E+07 1 l.51976E+07 49 . 22308 0.00000 
TREAT 6. 91373E+06 1 6.91373E+06 22 . 39265 0.00002 
YEAR*TREAT 196 . 02083 1 196.02083 0.00063 0.98001 
Error l . 35850E+07 44 3.08750E+05 
Panicum coloratum 
Categorical va l ues encountered during processing are: 
YEAR (2 levels) 
1, 2 
TREAT (2 levels) 
l, 2 
2 case(s) deleted due to missing data. 
Dep Var: PANICOLO N: 48 Mult i p l e R: 0.25880 Squared mul tiple R: 0.06698 
Ana l ysis of Varia n ce 
So u rce Sum-of-Sq u a r es d f Mea n -Square F- r atio p 
YEAR 11 938 . 52083 1 11938 . 52083 0.37297 0.5 44 53 
TREAT 78813. 02083 1 78813 . 02083 2.46216 0.12378 
YEAR*TREAT 10354.68750 1 10354.68750 0 . 32349 0 . 5724 1 
Error l.40843E+06 44 32009 . 66477 
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Digitaria macroblephara 
Categorical values encountered during processing are: 
YEAR (2 levels) 
l, 2 
TREAT (2 levels) 
l, 2 
2 case(s) deleted due to missing data . 
Dep Var: DIGIMACR N: 48 Multiple R: 0.34193 Squared multiple R: 0.11691 
Ana l ysis of Variance 
Source Sum-of-Squares df Mean-Square F-ratio p 
YEAR 18018.75000 1 18018.75000 0.30227 0.58525 
TREAT l.96096E+05 1 1 . 96096E+05 3.28953 0.07655 
YEAR*TREAT l.33141E+05 1 l.33141E+05 2.23345 0.14219 
Error 2.62294E+06 44 59612.35227 
Spo robolus helvo l us 
Categorical values encountered during processing are: 
YEAR (2 levels) 
l, 2 
TREAT (2 levels) 
l, 2 
2 case(s) deleted due to missing data. 
Dep Var: SPORHELV N: 48 Multiple R: 0.26669 Squared multiple R: 0.07112 
Analysis of Variance 
Source Sum-of-Squares df Mean-Square F-ratio p 
YEAR 280.33333 1 280.33333 0.12367 0.72676 
TREAT 6912.00000 1 6912.00000 3.04935 0 . 08775 
YEAR*TREAT 444.08333 1 444.08333 0.19591 0.66021 
Error 99735.50000 44 2266.71591 
Dry Site 
Sporobolus helvolus 
Categorical values encountered during processing are: 
YEAR (2 levels) 
l , 2 
TREAT (2 levels) 
l, 2 






Erioch l oa fatrnens i s 
Analys i s of Variance 
Sum-of-Squares df Mean-Square 
9.04803E+06 1 9.04803E+06 
4.46216E+05 1 4.46216E+05 
5.81856E+06 1 5.81856E+06 
3.34740E+06 44 76077.37879 
Categorical values enco untered during processing are: 
YEAR (2 l evels) 
1, 2 






Dep Var: ERIOFATM N: 48 Multiple R: 0.45827 Squared multiple R : 0.21001 
Analysis of Variance 
Source Sum-of-Squares df Mean-Square F-ratio p 
YEAR 22750.52083 1 22750.52083 3.86700 0.05557 
TREAT 45942.18750 1 45942.18750 7.80898 0.00767 
YEAR*TREAT 123.52083 1 123.52083 0.02100 0.88545 
Error 2.588 63E+05 44 5883.25189 
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Appendix C. Complete Statistical Results for Chapter 4 
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Complete Statistical Results for Chapter 4 
Mant el a n d Parti a l Ma nt e l Tests of As s oc iati on 
wi t h Fi re Fr eq ue n cy 
1) All Species &: Fire Frequency 
Species*Fires 
Computation: Permutations Approximation 
r r stand. ST EQ GT Prob(r} t Prob(t} 
**Hubert** (Hope, 1968) 
0.03360 0.36931 906 1 93 0.09 4 00 1.18113 0 .11878 
Species*Space 
Computation: Permutations Approximation 
r r stand. ST EQ GT Prob(r} t Prob(t} 
**Hubert** (Hope, 1968} 
0.45782 -1.00000 999 1 0 0 . 00100 23.31976 0.00000 
Fi res *Space 
Computation: Per mutations Approximation 
r r stand. ST EQ GT Prob(r} t Prob(t) 
**Hubert** (Hope,1968) 
0. 08716 -1.00000 0 1 999 0.00100 -3.95564 0.00004 
Spp*F ire , Space 
Computation: Permutations Approximation 
r r stand. ST EQ GT Prob(r) t Prob(t) 
**Hubert** (Hope,1968) 
AB.C -0.00712 -0.07630 485 1 514 0.48600 -0.21806 0.41369 
Spp*Space , Fi r e 
Computation: Permutations Approximation 
r r stand. ST EQ GT Prob(r) t Prob(t) 
**Hubert** (Hope, 1968) 
AB.C 0.45689 -1.00000 999 1 0 0.00100 23.03568 0.00000 
Fire*Space, Spp 
Computation: Permutat i ons Approximat i on 
r r stand. ST EQ GT Prob (r ) t Prob ( t} 
**Hubert** (Hope, 1968) 
AB.C 0.08078 -0.89329 2 1 997 0.00300 -2.97997 0.001 4 4 
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2) Grasses Only & Fire frequency 
Grass*Fire 
r r stan d . ST EQ GT Prob(r) t Prob( t) 
**Hubert** (Hope, 1968) 
0.06037 0.76954 994 1 5 0.00600 2.49429 0.0063 1 
Grass*Space 
r r stand. ST EQ GT Prob(r} t Prob(t) 
**Hubert** (Hope,1968) 
0.48651 1.00000 999 1 0 0.00100 28.48834 0.00000 
Fire*Space 
r r stand. ST EQ GT Prob(r} t Prob(t) 
**Hubert** (Hope,1968) 
0.08716 1.00000 999 1 0 0.00100 3.95564 0.00004 
Grass*Fire, Space 
r r stand. ST EQ GT Prob(r} t Prob ( t) 
**Hubert** (Hope, 1968) 
AB.C 0.02065 0 . 25143 800 1 199 0.20000 0.73245 0.23195 
Grass*Space, Fire 
r r stand. ST EQ GT Prob(r} t Prob(t} 
**Hubert** (Hope,1968) 
AB.C 0.48398 1 . 00000 999 1 0 0.00100 28.14297 0.00000 
Fire*Space, Grass 
r r stand. ST EQ GT Prob(r) t Prob(t) 
**Hubert** (Hope,1968) 
AB.C 0.06626 0.70744 989 1 10 0.01100 2 . 52673 0 . 00576 
3) Woody Species only & fire frequency 
Woody*Fire 
r r stand. ST EQ GT Prob(r) t Prob(t) 
**Hubert** (Hope, 1968) 
0.04993 0.45311 968 1 3 1 0.03200 2.01 4 89 0.02 196 
Woody*Space 
r r stand. ST EQ GT Prob(r) t Prob ( t} 
**Hubert** (Hope,1968) 
0.39370 1.00000 999 1 0 0.00100 22 . 60110 0.00000 
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Fire*Space 
r r stand . ST EQ GT Pr ob(r ) t Pr ob ( t) 
**Hube rt ** (Hop e, 1968) 
0.08716 1.00000 999 1 0 0.00100 3.95564 0.00004 
Woody*Fire, Space 
r r stand. ST EQ GT Prob(r) t Prob(t) 
**Hubert** (Hope,1968) 
AB.C 0.01705 0.156 14 770 1 229 0.23000 0.62724 0 . 26525 
Woody*Space, Fire 
r r stand. ST EQ GT Prob( r ) t Pro b ( t ) 
**Hubert** (Hope, 1968) 
AB . C 0.39134 1. 00000 999 1 0 0.00100 22.23449 0.00000 
Fire *Space , Woody 
r r stand . ST EQ GT Prob(r) t Prob(t) 
**Hubert** (Hope, 1968) 
AB . C 0.07352 0.88057 998 1 1 0.00200 2.98455 0.00142 
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